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Abstract 
 
The recycling of plastics tends to lag behind other packaging materials. The research 
investigates opportunities to improve the capture of valuable packaging polymers and 
to preserve their specification during recycle operations, thus increasing second user 
opportunity. The legislative and policy drivers on the sustainable use of plastics are 
described and discussed with particular reference to achieving sustainability, reuse 
and recycle of healthcare packaging materials.  
 
Four strategic methods of achieving improvements in sustainability, reuse and recycle 
are developed to represent aspects of sorting of materials, collection of recyclables, 
replacement of unsustainable packaging materials and measurement of the 
environmental impacts of packaging and changes in packaging, using examples of 
packaging from GlaxoSmithKline consumer healthcare and medical products. 
 
The use of radio frequency identification methodology as a means of separating high 
quality plastics and individual reusable devices from mixed waste streams has been 
developed and trialled under simulated materials recycling and separation conditions.   
 
The use of Reverse Vending Machines (RVM‟s) designed to capture high quality 
polyethylene terephthalate polymers is described along with results of successful trials 
on this method of capture in the out of home consumption sector. Recovered material 
is suitable for reuse in food grade applications after reprocessing.   
 
A novel biodegradable packaging material has been successfully developed from 
sources of green waste as an alternative to existing polymer packaging materials for 
transport of vaccines, and provides results that are extendable to the replacement of 
other types of packaging over a wide range of consumer goods. The material also 
offers intangible benefits to a business in terms of claims that can be made within a 
corporate social responsibility (CSR) report. 
 
Life cycle analysis methodologies have been used to illustrate the environmental 
benefits that can be achieved by reuse of polypropylene as an example of a widely 
used packaging polymer with potential for reuse in other industrial sectors. 
 
The implications of the results obtained in this work should be of value in the future 
eco-design of polymer products designed to make end-of-life recovery and recycle 
more efficient and environmentally beneficial. 
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Glossary
 
Abbreviations and Acronyms 
 
Abbreviation Definition 
 
ABPI  Association of the British Pharmaceutical Industry 
The body representing the collective interests of the pharmaceutical 
and healthcare manufacturers in the United Kingdom. 
ABPR Animal By-Products Regulations 
ACRR Association of Cities and Regions for Recycling 
APME  Association of Plastics Manufacturers of Europe 
The body representing the collective interests of the plastics 
manufacturers and processors in the European Union 
(AKA: Plastics Europe). 
BMW Biodegradable Municipal Waste 
BPEO Best Practicable Environmental Option 
BRIC Market Brazil, Russia, India & China 
BVPI Best Value Performance Indicators 
CAD Computer Aided Design 
A tool for generation of technical drawings, it is capable of 
producing animations of moving components and digital output for 
CNC manufacturing equipment. 
CARE Consortium for Automotive Recycling 
CCD Charge Couple Device 
CEE  Central and Eastern Europe 
CHRD Consumer Healthcare Research and Development 
CHP Combined Heat & Power 
CIWM Chartered Institution of Wastes Management 
Cosmecutical A product that spans the category of cosmetic and medicinal 
product. 
CPMP  Committee for Proprietary Medicinal Products 
A body representing the collective interests of manufacturers of 
OTC medicines in the United Kingdom. 
CV Joint Constant Velocity Joint 
dBm A dBm is a standard unit for measuring radio broadcast power in 
relation to 1 milliwatt. 
DfE Design for the Environment 
EAN European Article Number 
EAP Environment Action Programme 
EC European Community 
EC European Commission 
ED Eco-Design 
EEC European Economic Community 
EfW Energy from Waste 
ELV End of Life Vehicle 
EMEA  European Medicines Evaluation Agency 
The European body responsible for the safety and efficacy of 
medicines licensed in the EU. 
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Abbreviation Definition 
EMF Electro-magnetic Field 
EoL End-of-Life 
EPDM  Ethylene Propylene Diene Monomer 
EPSRC Engineering and Physical Sciences Research Council 
ETSI European Telecommunications Standards Institute 
EU European Union 
EWC European Waste Catalogue 
E&W England and Wales 
FMEA  Failure Mode Effect Analysis 
A tool for carrying out the risk assessment of failure of product. 
FMCG Fast Moving Consumer Goods 
GDP Gross Domestic Product 
GSK  GlaxoSmithKline 
GVS Gravimetric Vapour Sorption 
HDPE High Density Polyethylene 
HF High Frequency 
IC Integrated Circuit 
IDIS International Dismantling Information System 
INCPEN Industry Council for Packaging and the Environment 
IR  Infrared 
ISO International Organisation for Standardisation 
KPI Key Performance Indicator 
kT kilo tonnes 
LATS Landfill Allowance Trading Scheme 
LED Light Emitting Diode 
LCA  Life Cycle Assessment 
An environmental analysis tool which measures specific inputs and 
outputs related to the manufacture of a product, also known as cradle 
to grave analysis. 
LDPE Low Density Polyethylene 
LLDPE Linear Low Density Polyethylene 
LOI Loss On Ignition 
MBT Mechanical Biological Treatment 
MHRA Medicines and Healthcare Regulatory Agency 
MRF Material Recovery Facility 
MSW Municipal Solid Waste 
Mtpa million tonnes per annum 
mT million tonnes 
NGO Non Governmental Organisation 
Nutraceutical A product that spans the category of nutritional and medicinal 
product. 
OOH Out-of-Home  
OPS  Orientated Polystyrene 
OTC Over the Counter Medication 
A term used to describe access to medication available to the public 
without prescription. 
PA Polyamide 
Parenteral A pharmaceutical product administered by injection. 
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Abbreviation Definition 
PCW Post Consumer Waste 
PE Polyethylene 
PE Plastics Europe (see APME) 
PET  Polyethylene Terephthalate 
PIRA Packaging Industry Research Association 
PML Physical Markup Language 
Computer programming code used in RFID applications. 
PP Polypropylene 
PRN  Packaging Waste Recovery Notes 
PS Polystyrene 
PUR Polyurethane 
PVC Polyvinyl Chloride 
R&D  Research & Development 
RDF Refuse Derived Fuel 
RFID Radio Frequency Identification 
ROC Renewable Obligation Certificate 
rPET Recycled or recovered Polyethylene Terephthalate 
RV Reverse Vending 
RVM Reverse Vending Machine 
SBS Solid Bleached Sulphate 
SCOPE  Scientific Committee on Problems of the Environment 
SD Sustainable Development 
SEBS Polystyrene-Ethylene-Butadiene-Styrene 
SEM Scanning Electron Microscope 
SI  Statutory Instrument 
SKU Stock Keeping Unit 
SPI The Society of the Plastics Industry 
SRF Solid Recovered Fuel 
TBL Triple Bottom Line 
TPE Thermoplastic Elastomer 
TPO Thermoplastic Olefin 
TSB Technology Strategy Board  
t Tonne 
UHDPE Ultra High Density Polyethylene 
UHF Ultra High Frequency 
UK United Kingdom 
U Joint Universal Joint 
US/USA United States of America 
uPVC Unplasticised Polyvinyl Chloride 
UV Ultraviolet light 
WEEE Waste Electronic and Electrical Equipment  
WHO  World Health Organisation 
WID Waste Incineration Directive 
WRAP Waste and Resources Action Programme 
XML Extensible Markup Language 
Computer programming code used in RFID applications 
3D Three Dimensional 
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Chapter 1 Introduction 
 
 
1.1 Background to Consumer Healthcare Packaging 
 
The consumer healthcare industry covers a wide range of products that can be 
classified into the following categories: 
 Over the counter medicines; 
 Oral care products; 
 Nutritional healthcare products (Nutraceuticals); and 
 Cosmetic products (Cosmeceuticals) 
 
The products and brands that span across these categories may be subject to different 
levels of regulation across the globe. Many products sold in the healthcare industry 
fall into the classification of fast moving consumer goods (FMCG‟s), a classification 
that is highly focused on packaging as a marketing tool, where the only perceptible 
difference between leading brands may be simply the packaging of the product. 
 
The pack persona may influence buying decisions and the shape and colour of a pack 
may become a brand icon, as exemplified by the Marmite® jar and OXO® box which 
are perceived as iconic packaging. In the case of new products, packaging is often 
used as a differentiator to create a “Wow!” factor – this has led to the use of 
increasingly sophisticated packaging manufacturing processes and materials.  
 
The Odol® brand, with a heritage of over 100 years in the German market, provides a 
good example of an iconic packaging design, which has undergone changes but still 
retains the identifiable character of the original design, see Figure 1.1. The current 
pack for Odol® mouthwash bears a strong resemblance to the original Odol® bottle. 
The Odol® range of oral care products led to the creation of a toothbrush business 
under the brand name Dr Best® in Germany, where the toothbrushes are manufactured, 
and sold under the brands - Aquafresh® and Macleans® - in the rest of the world. 
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Figure 1.1. Odol Packaging (1839) and (2009)  
 
The toothbrush sector has been particularly innovative in design and use of materials 
with another successful example - the Flex® and Flex‟n‟Direct® flexible head and neck 
designs and crystal clear handles. 
 
Brands within the consumer healthcare sector have a well established history, with 
many products pre-dating the focus on environmental concern and, as a consequence, 
their packaging has not been developed with recycling and sustainability of materials 
as important design criteria. In this regard, GSK, the sponsor of this research, has 
been no exception. The focus of the current research, therefore, is designed to 
consider embracing the principles of eco-design and post-consumer treatment and 
recovery of materials in the development of new products.   
 
Within the healthcare sector, significant quantities of glass, metal, fibre and plastics 
have been used in the manufacture of healthcare packaging.  Since the 1950s, the use 
of plastics has increased due to their versatility in design and performance.  Set out 
below is a brief discussion of the application of glass, metal and fibre, as healthcare 
packaging materials, with a more detailed discussion on the use of plastics, given in 
Section 1.3. 
 
Glass 
The majority of glass used for bottle production is soda glass, in amber or clear flint 
form. Parenteral products cannot be packed in soda glass, however, due to the 
presence of alkaline extractable components, are packed in borosilicate glass which 
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offers greater strength and resistance to failure during thermal sterilisation. White opal 
glass is used to make ointment pots although its use for this application is in decline 
due to the increased use of plastic pots, tubes and pump dispensers for this purpose. 
The soda glass used in the packaging of healthcare products is suitable for recycling 
as glass cullet for reuse in a glass furnace to produce new glass containers. 
Borosilicate glass used to pack parenteral products is not normally recycled and is 
disposed of by incineration or landfill. 
 
The advantages of glass are that with a suitable closure a gas tight pack can be 
produced: clear glass allows pack contents to be viewed or with amber glass; harmful 
UV light can be filtered out to protect contents. The major disadvantages of glass 
packaging are pack weight and fragility, consequently, glass tends to be expensive to 
distribute and requires good secondary packaging to prevent breakage between 
manufacture and use. 
 
Metal 
The two metals that dominate packaging used in the healthcare sector are aluminium 
and steel. The formats that are used for metal packaging include: caps and closures, 
cans (storage and pressurised), collapsible tubes, foils and laminates, bottles, cases 
and springs. The metals are well recovered through existing recycling infrastructure 
and easily separated from post consumer waste using electromagnets and eddy current 
separators. 
 
Metal packaging can be used to create a total barrier pack to protect products from 
gases and light.  A significant advantage with metal packaging is high protection from 
a low pack weight making an attractive proposition in distribution, coupled with 
almost infinite recycling potential.  The major disadvantages with metal packaging are 
not being able to see the product within the container and, with some packs, such as 
food cans, the inability to reseal a part used pack. 
 
Fibre 
The fibre is used in the form of paper or board. Paper is used for labels and patient 
information leaflets but can also be used in specialist applications such as a folded 
pack for powders or a compressed paper wad to line a bottle or jar cap.  Board is used 
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in the form of carton board or corrugated board and the healthcare sector still uses a 
significant quantity of virgin white (Solid Bleached Sulphate, SBS) board or white 
lined board to give an image of purity. The paper and board are recycled through 
existing post-consumer routes. 
 
The advantage with fibre-based packaging is that it can be sourced sustainably and 
has, through printing and surface finishes, the capability of rendering an attractive 
package. Paper can be recycled many times but, with each recycle, its specification is 
altered due to the shortening of fibre length and increased fibrillation. The main 
disadvantages of fibre-based packaging are the potentially poor gas barrier properties 
and strength/puncture resistance of packs. 
 
1.2  Plastics in Packaging 
  
Plastics are mainly synthetic polymers, consisting of long chains of a repeating base 
unit (monomer), and are derived from crude oil. The first step in the conversion of 
crude oil to plastics is a distillation process in an oil refinery, during which the heavy 
crude oil is separated into lighter groups called fractions - each fraction being a 
mixture of hydrocarbon chains. One fraction, naphtha, is heated, during which it is 
split into smaller hydrocarbon molecules, such as ethylene or propylene – referred to 
as the cracking process. These smaller hydrocarbons, monomers, are used in 
polymerisation processes, during which they are linked to create long polymeric 
chains. The process requires the use of specific catalysts to form a plastic polymer, 
with its own unique properties, structure and size depending on the monomers used 
and the chain length. The plastics are then processed from a liquid, powder, granular, 
or paste form into thousands of different shapes. Plastics derived from crude oil are 
manufactured from a non-renewable resource and require the consumption of a 
significant amount of electrical energy during processing.   
 
Plastics are a popular material for use in packaging because they offer a good blend of 
physical, economic and environmental benefits in the protection of products: 
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Plastics are lightweight and have extreme versatility, are easy to process and mould 
into a wide variety of shapes, have good strength and impact resilience, excellent 
thermal and electrical insulation properties and extreme durability. They also have 
resistance to chemicals and excellent gas barrier properties, limiting moisture and 
oxygen transfer which is especially important for food safety and hygiene, and in 
medical or healthcare applications. 
 
Plastics are relatively cheap to produce, deliver whole life environmental benefits 
arising from production and disposal in comparison with other materials such as glass, 
and because of their light weight have a lower impact on environmental emissions 
during transport.  Plastics deliver a high calorific value, as a waste, when used in 
incineration with energy recovery at end of life. 
 
1.2.1 Types of Plastics 
 
The main types of plastics are thermoplastics and thermosets.  Thermoplastics soften 
when they are heated and can be melted and reshaped a number of times, whilst 
thermosets cannot be remelted because additional chemical bonds are created when 
these polymers are first melted and these additional bonds cannot be broken without 
destroying the material. As a result, thermoset plastics cannot be easily recycled 
whereas thermoplastics can be reused and recycled many times. 
 
The use of thermoplastics has increased steadily and the predominant class used in 
packaging applications are the thermoplastic olefins which include polyethylene (PE), 
polyethylene terephthalate (PET), polypropylene (PP), polystyrene (PS), and 
polyamide (PA):  
 
 Polyethylene (PE), more commonly known as polythene, is an extremely 
versatile material that is classified by molecular weight. The different 
molecular weights available can be blended to give characteristics that are 
suited to application; a common example is blending of high and low 
molecular weight resins to give a degree of stretch and puncture resistance in 
a carrier bag; PE is characterised by molecular weight (ranging from 
200,000 g/mol to  6,000,000 g/mol) and, in packaging applications, the 
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lightest PE fraction is Low Density PE (LDPE) which is sometimes used in 
an orientated form known as Linear LDPE (LLDPE) where the polymer 
chains are orientated in a single direction. High Density PE (HDPE) is a 
higher molecular weight form of PE and typically used in rigid container 
applications. Ultra High Density PE (UHDPE) is the highest molecular 
weight form of PE used in packaging applications, in particular for reusable 
protective packaging in specialist uses.  With its excellent impact resistance, 
the material has use in plaques on body armour and ballistic helmets and 
light weight vehicle armour in military applications; 
 
 Polyethylene terephthalate (PET), a versatile packaging polymer, is used to 
manufacture clear film as well as crystal clear beverage bottles.  It is also 
widely used in the manufacture of oven temperature tolerant trays that are 
used for ready meals. The polymer is available in crystalline and amorphous 
forms which deliver either a clear material or high temperature tolerant 
material;  
 
 Polypropylene (PP), a versatile material, is the material of choice for 
injection moulding applications where it can be used to manufacture goods 
ranging from thin wall containers used for packaging margarine and dairy 
goods through to complex one piece mouldings to form lidded closures with 
integral hinge. PP is the only commonly used packaging plastic that can 
produce a one piece hinge as many other polymers exhibit stress cracking 
and failure when flexed. The material also exhibits good chemical resistance 
and is often used for blow moulding of bottles; 
 
 Polystyrene (PS), is used in four main applications in packaging: expanded 
PS foam used for protection of goods and thermal insulation; PS film which 
allows moisture vapour transmission and, therefore, is often used for 
packaging of fresh produce, for thermoforming to produce trays for 
confectionery use, and in rigid containers as clear resin to view goods; and 
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 Polyamide (PA), known as nylon, is most commonly used in laminated films 
and heat seal wraps and often used for skin wrapping of bacon and roasting 
meats. 
 
Plastics are considered to be the most versatile packaging material in terms of their 
formability and variety of presentation ranging from films through to complex three 
dimensional structures. Some plastics have barrier properties, for example, breathable 
packs that allow gas and moisture loss and those where additives can be included to 
modify properties such as ultraviolet filtering agents to protect a light sensitive 
product.   
 
1.2.2 Plastics by Sector 
 
Since the 1950's, the world annual consumption of plastics has increased 20-fold, 
from ca. 5 Mt to currently around 100 Mt per annum. In Europe alone ca. 25 Mt of 
plastics scrap was generated in 2008, increasing by ca. 5% per annum (British Plastics 
Federation, 2009).  Based on available statistics from the British Plastics Federation, 
the UK produced about 2.5 Mt of plastics and consumed 4.8 Mt, with the 
consumption growing at a rate of 1.5% each year (Figure 1.2) from 1973 to 2007.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure: 1.2. Plastics Consumption (Source: British Plastics Federation 2009) 
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Plastics can be categorised according to the duration of their application – short-term 
use (for example, packaging in medical, retail, catering and domestic applications), 
medium-term use (for example, buckets, bowls, brushes, toys, automotive 
components, industrial containers) and long-term use (for example, pipes, conduits, 
window frames, fascias, doors). 
 
The use of plastics in a wide range of applications (Figure 1.3) accounts for: 
packaging materials within the food and drinks, medical, healthcare and cosmetics 
industries (British Plastics Federation, 2009) (38%), building and construction sector 
(22%); transport (7%); furniture and household items (7%); electrical and electronics 
(6%).  
 
38%
22%
6%
7%
7%
2%
18%
Packaging Construction Electrical Furniture/Household Transport Medical Others
 
Figure 1.3. Plastics Consumption in the UK by Application  
(Source: British Plastics Federation, 2009) 
 
The most common polymers in the domestic waste stream are LDPE, LLDPE, HDPE 
and PP together representing approximately 60% of waste plastic arising from UK 
domestic sources. The six main thermoplastics (PE, PP, PET, PS, PA and 
polyvinylchloride (PVC)), representing almost 90% of that total, are not only the 
largest proportion of waste and recycled plastics, but they are also the polymers for 
which there is a second user market. 
 
Plastics Europe published the demand for plastics by polymer type for plastics 
converters in 2008 and stated the market size as 48.5 Mt (Figure 1.4), of which the 
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UK share is quoted as 4.0 Mt. The packaging industry accounts for 38% of the 
market; therefore there is a significant pool of material for recovery. 
 
17%
11%
18%
12%
8%
7%
7%
20%
LDPE, LLDPE HDPE PP PVC PS, EPS PET PUR Others
 
Figure 1.4:  European Plastics Converters Demand for Polymers in 2008 
(Source: Plastics Europe, 2009)  
 
The Association of Cities and Regions for Recycling (ACRR) states that packaging 
accounts for about 70% of waste plastics in the European domestic waste stream, 
comprising rigid plastics, such as bottles and films, and flexible plastics, such as bags 
and wrapping materials. 
 
The commercial sector covers retail, distribution, small businesses and industries and 
the majority waste of waste produced is packaging waste, with the most common 
waste plastics being: stretch films and pallet wrap; rigid containers and drums; large 
bags; pallets; crates; and expanded PS foam (Figure 1.5). 
 
41%
7%16%
1%
2%
6%
1%
1%
1%
24%
Films Manufacturing Scrap & Redundant Stock
Bottles & Household Expanded PS
Trays Plastic Crates & Pallets
Drums PP Pails
Other Unidentified PRN's & PERN's
 
Figure 1.5 Plastic Packaging Formats Recycled in 2005 
(Source: WRAP, 2006)  
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The agricultural sector produces plastic waste in the form of containers, drums and 
pallets and also produces a large quantity of waste film in the form of silage wrapping 
and tarpaulin, crop sheeting, tunnel and greenhouse coverings.  
 
In the construction and demolition sector there are four broad categories: off-cuts and 
damaged materials; excess materials; intermediate and precursor waste products; and 
packaging waste. Incpen (2005) have stated that the construction and demolition 
sector is the largest producer of waste in the UK, producing 24% of waste (Figure 
1.6); the polymer waste present is a valuable source of materials of high specification. 
 
21%
8%
20%
19%
24%
8%
Mining & Quarrying Dredgings Agriculture Industrial & Commercial Construction and Demolition Municipal
 
Figure 1.6.: Chart of Waste by Industrial Sector 
(Source: Incpen, 2005) 
 
Plastics arising from demolition waste are at a fairly low level as many buildings that 
contain a high proportion of polymer products have not reached the end of their 
service lives. Many plastic items used in construction are estimated to have a service 
life of 50 years and beyond. 
 
1.2.3 Environmental and Economic Considerations of Plastics Use 
 
There are environmental concerns over the use of plastics, both the rate at which they 
are produced to meet consumer demands, and the level of waste generated.  These 
concerns are that: 
 
 A significant amount of natural resources are used to manufacture and deliver 
plastics - resources which are mostly non-renewable and cannot be replaced. 
As world stocks are depleted and the cost of these stocks rises, supplies of 
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affordable plastics produced from virgin chemicals are unlikely to be 
sustainable. It is estimated that about 4 to 5% of the world's oil production is 
used as a raw material for processing the plastic material itself and that 
another 3 to 4% is used during the manufacturing process. An additional 
amount of fossil fuel is used for transportation;  
 
 There is a limit to the ability of the environment to cope with the impacts 
arising from the disposal of plastic waste, with 80% of the waste, at end of 
life, being disposed of to landfill in the UK.  The amount of plastic waste 
generated annually in the UK is estimated to be of the order of 3 Mt 
(wasteonline, 2009) and most plastics are non-degradable. Indeed, since the 
introduction of plastics on the market, most scientific effort has been directed 
towards producing stronger and more stable plastics, the success of which now 
means that plastics are extremely stable in most environments and increasingly 
resistant to degradation (Defra, 2009);  and 
 
 Plastics represent a single-use application, making the lifecycle of packaging 
short compared with the effort and resource required to process the packaging 
and the environmental impacts due to its wastage, with statistics indicating an 
estimated 56% of all plastics waste being packaging. (wasteonline, 2009). 
 
In general the recovery and recycle of plastics are limited when compared to other 
materials, the exceptions being PET beverage bottles and high density polyethylene 
(HDPE) bottles for which there is a good market as the weight per unit recovered is a 
good proposition for reprocessors. Bottles also tend to be relatively clean waste and 
therefore processing costs are reduced. 
 
In some respects the versatility of plastic packaging works against recycling because 
it is very difficult to ensure that materials of similar specification are processed 
together and maximum value maintained; co-mingled plastic waste has few 
applications and does not command a good resale value.  Further complications for 
processing and recycling arise where the plastic packaging is contaminated with 
product content.  
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The economic considerations for recycled plastics are dependent on both the market 
for plastics and associated financial implications. 
 
There are national and international targets for the recycling of plastic materials. 
Where a target is imposed it creates a need to find a market or a partner who is willing 
to exchange the material in a mutually beneficial arrangement. 
 
The ACRR proposed the following ways to promote and develop local plastic 
recyclate markets through: 
 
 Development of partnerships with the private sector; 
 Promotion of new markets and waste exchanges; 
 Development of a procurement policy that favours recycled products; and  
 Advertising and promotion of recycled materials. 
 
In using the methods proposed by the ACRR a market or transfer of the recovered 
plastic can be identified and the reuse of the material encouraged. The points 
proposed are centred on developing a cost effective, integrated collection, sorting and 
sales operation for recovered plastics. Specifically, the ACRR promotes the purchase 
of recycled materials through, for example, the Mayor of London‟s green 
procurement policy. The purchasing policy is closely linked with the advertising and 
promotion of recycled materials in an effort to create and develop markets for 
recovered material. 
 
In 2006 WRAP published their report “UK Plastics Waste – a review of supplies for 
recycling, global market demand, future trends and associated risks”. The report 
reviews the use of plastics from which it is evident that a high percentage of plastics 
waste is being exported. This has led to concern amongst European and North 
American plastics reprocessors that the export of plastics waste to Asia for 
reprocessing leads to under-utilisation of local reprocessing facilities. The report cites 
China and India as the major importers of plastic wastes. 
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WRAP state that the global market for plastics stands at around 200 Mt per annum but 
20% of that market could be met from recycled plastics, representing a 40 Mt per 
annum market opportunity. The report, however, identifies that the UK and other 
European plastics recycling companies are required to operate to a higher standard 
than some other regions and that some levelling is required to offset the additional 
indirect business costs of health and safety; environmental taxes (e.g. Climate Change 
Levy), and environmental controls. The levelling of international standards on 
recycling are cited as a way to influence where recycling takes place and could be as 
important as labour and shipment costs in balancing the market.  
 
In terms of financial considerations the four activities that would contribute to the cost 
of recycling plastics are: selective collection and sorting; disposal of reject materials 
arising from sorting operations; treatment and processing; and, transportation.  Using 
cost benefit analysis techniques, these costs, however, should be considered for offset 
in the context of savings that can be realised in avoiding disposal costs as well as 
potential revenues from the sale of a recyclate. Historically the cost of recycling 
products has exceeded the cost of virgin materials but there are some exceptions, 
namely, PET & HDPE bottles, automotive bumpers, and, PVC pipes & windows, all 
of which represent a good yield of recyclable polymer per unit which allows an 
element of control of quality of the recyclate. The economic value of a recyclate is 
enhanced by homogeneity, purity and preservation of specification. 
 
1.3  Plastics in Healthcare Packaging 
 
In the application of plastics to packaging of healthcare products, the use of 
thermosets has decreased in recent years mainly because of the difficulty in recycling 
and the availability of cheaper injection moulded components in other polymers but 
they are still used for bottle and jar caps for some products.  The thermoset 
compounds fall into the families of formaldehyde or epoxy resins.  The two resins - 
urea formaldehyde and phenol formaldehyde resins - are familiar as the black shiny 
cap (phenol formaldehyde) found on glass dispensary bottles for liquids and tablets 
and the white shiny (urea formaldehyde) cap used on ointment jars. The caps are 
produced by pressure moulding with the application of heat to form the crosslink 
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bonds and due to the hardness of the material the caps are fitted with a sealing wad to 
prevent leakage. 
 
The use of plastics in the healthcare packaging sector is well established and the types 
of product from different methods of production are listed in Table 1.1.  
 
Method of Production Product Type 
Injection moulding Caps; closures; thin-walled containers; straight-sided jars; tubes and tubs 
Blow moulding Bottles and necked jars 
Rota-moulding Drums and pails 
Thermoset processing Caps and closures 
Extrusion Film; bags and laminates 
Thermo-forming Clamshells; blister packs; trays; pots and inserts/fixtures 
Vacuum forming Clamshells; trays; pots and inserts/fixtures 
Table 1.1. Types of products derived from methods of production 
 
Historically the healthcare packaging sector has used virgin polymer for product 
contact applications, this is primarily due to the regulation of pharmaceutical products 
which requires that packaging should not have extractable components, therefore, it is 
easier to qualify a material that has not been exposed to unknown products which 
have potential to leach from a pack over time. Products are required to be registered 
with the Medicines & Healthcare Regulatory Agency (MHRA) and require a formal 
marketing authorisation based on the submission of data; any change of pack or 
formulation requires submission of an amended data pack to obtain authorisation to 
execute the change and continue marketing the product. Therefore manufacturers tend 
to be reluctant to adopt new packaging materials due to the cost of compiling the 
required data.  
 
The food industry, however, has benefited from some relaxation of regulations 
regarding the use of recycled plastics for packaging which has created a new market. 
The recycled material can be recovered through a “super-clean process” or by a 
process of repolymerisation to create polymer for manufacture of new packaging. The 
two main target polymers at this time are high density polyethylene (HDPE) and 
polyethylene terephthalate (PET). The products are mainly derived from recycled 
bottles as these yield a high weight of polymer per unit collected and bottles tend to 
be clean and have low levels of contamination, all of which are attractive features in 
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reprocessing; The use of recycled polymer for direct contact with food presents an 
opportunity to migrate to the use of recovered material for the packaging of healthcare 
products.  
1.4  Research Aims and Objectives 
 
The healthcare sector is a major user of plastic packaging and plastic components in 
medical and healthcare devices. Currently there are a large number of products 
marketed that pre-date the focus on environmental concern, but this is likely to change 
as eco-design tools are introduced into the development process.   
 
The current research has arisen because healthcare packaging polymers are not used 
in a sustainable manner.  There is a prevailing school of thought that only considers 
the packaging lifecycle to the point of use by the consumer and does not include the 
potential reuse or recycle opportunities of post-consumer packaging. The value 
associated with the packaging, from a recycling perspective, is often ignored and as a 
result a potential recyclate is lost to landfill or exported to countries that regard waste 
from developed nations as a potential feedstock for their own industries. There is 
therefore a significant opportunity to improve the sustainable usage of healthcare 
packaging and the aim of this research is to explore mechanisms through which this 
can be achieved.  
 
The overall aim of the research is to investigate means of reducing, replacing and/or 
recovering waste from healthcare polymer packaging at end-of-life. 
 
The objectives of the research to achieve the aim are to: 
 
 identify the value of tagging methodology and specifically radiofrequency 
identification methodology as a means of separating high quality plastics and 
individual reusable devices from mixed waste streams; 
 assess reverse vending machines as a means to capture high quality 
polyethylene terephthalate polymers for reuse and recycle; 
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 develop novel biodegradable packaging materials as an alternative to existing 
polymer packaging materials for transport of vaccines that are also capable of 
being extended to other uses; and 
 assess the environmental benefits of the use of radiofrequency identification 
methodology, reverse vending machines and replacement materials using life 
cycle and carbon footprint methodology. 
 
Figures 1.7 and 1.8 show the rationale used in the current research to produce 
respectively, the introductory information required for the research and the 
advancement of knowledge achieved in the research. 
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Figure 1.7.: Introduction to Research 
 
1.5  Scope of the Current Research 
 
This introductory chapter is followed by chapters dealing with the relevant 
background and drivers for the research (Chapter 2); the use of radio frequency 
identification methodology in material capture  for recovery (Chapter 3); the use of 
reverse vending machines in material capture for recycle (Chapter 4); the use of a 
biodegradable material to replace plastic packaging (Chapter 5); and the use of Life 
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Cycle methodology in the assessment of the environmental benefits to healthcare 
packaging (Chapter 6).  These chapters are followed by a conclusion to the research 
carried out and recommendations for future work (Chapter 7).  
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Figure 1.8.: Advancement to knowledge 
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Chapter 2 Sustainability and Plastics 
 
2.1  Background to Sustainability 
 
Definitions of sustainability include:  
 
“Capable of being maintained at a steady level without exhausting natural resources 
or causing severe ecological damage” (Harper Collins, 5th edition, 2001); and 
 
“To meet the needs of the present without compromising the ability of future 
generations” (the Brundtland World Commission on Environment and Development, 
1987, p.8).   
 
A device known as the Sustainable Development Wheel (Plastics Europe, 2003, - 
formerly known as the Association of Plastics Manufacturers in Europe, APME), 
illustrating the principles of sustainable development, as applied to industries has a 
common core, represented by three interdependent dimensions of Economic 
Development, Social Progress and Environmental Protection.  Working from the 
centre to the outer ring, focus is on the issues, challenges, benefits and examples 
specific to the industry operation, with the hierarchical nature of the wheel providing 
the user with a comprehensive visualisation of the concept of “triple bottom line” 
accounting (social, environmental and economic accounting) as part of corporate 
social responsibility.  Figure 2.1 depicts the Wheel for the packaging industry 
 
The 1992 United Nations Conference on Environment, held in Rio de Janeiro, placed 
the concept of sustainable development on the international, political and social 
agenda. Agenda 21 was passed for worldwide implementation and set a framework 
for nation states to follow. To date its implementation has been patchy due principally 
to the complexity of the framework and the perceived costs of implementation and 
monitoring. Many major companies are, however, awakening to the idea of corporate 
environmental policy as a way to promote the image of the company and create a 
competitive edge. 
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Figure: 2.1 - Packaging Sustainable Development Wheel  
(Source: Plastics Europe, 2003) 
 
Agenda 21 is a comprehensive but large and complex document, covering social, 
economic, environmental and institutional categories and comprising 40 chapters 
addressing specifically: 
 
 Social and economic dimensions; 
 Conservation and management of resources for development; 
 Strengthening of the role of major groups; and 
 Means of implementation. 
 
Of relevance to the work described in this thesis there are six key chapters of Agenda 
21. Highlighting these does not mean that the remaining chapters do not have impact 
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or are not impacted by the research, but, more that they are not considered central to 
the project. 
  
Chapter Focus 
4 Changing consumption patterns 
28 Local authorities‟ initiatives in support of Agenda 21 
30 Strengthening the role of business and industry 
31 Scientific and technological community 
35 Science for sustainable development 
36 Promoting education, public awareness and training. 
 
Agenda 21 presents the issue of research and assessment of the relationships between 
production, consumption, environment, technological adaptation and innovation, 
economic growth and development, and demographic factors.  Although the Agenda 
signposted the key areas of sustainable development it ignored the metrics, an aspect 
that was addressed separately by the Scientific Committee on Problems of the 
Environment (SCOPE, number 58, 1997), in a report on the indicators (driving force, 
state and response) of sustainable development (Molden and Billharz, 1997).  
 
The aspects of sustainability considered in the present work are concerned with the 
reuse of plastic packaging materials and are discussed in the context of: 
 
 Legislation (section 2.2); 
 Policy,  strategy and other drivers (section 2.3); and 
 Local and regional authority perspective (section 2.4). 
 
2.2  Legislation 
 
The main driver for all current activities on the production, collection and treatment 
of waste is legislation.  The source of much of the current waste legislation emanates 
from Europe, such that the European Union has adopted a number of Directives 
aimed at harmonizing waste disposal policies throughout the EU and preventing the 
development of measures that might distort competition. 
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The EU‟s 1975 Waste Framework Directive (75/442/EEC) provided the legal 
framework for all EU waste law.  Since its implementation in 1975, there have been 
several amendments to the Directive leading most recently to the new Waste 
Management Framework Directive (2008/98/EC) adopted by the Council of the 
European Union on 20
th
 October 2008, which represents the most significant overhaul 
of EU waste management rules to date. Although the underlying aims of the Directive 
are not new – to promote the reuse and recycling of waste - the Directive aims to 
simplify the existing waste legislation by repealing the current Waste Framework 
Directive (2006/12/EC), the Hazardous Waste Directive (91/689/EEC) and part of the 
Waste Oils Directive (75/439/EEC), and, most importantly provide clarification on 
when waste ceases to be waste and on what is a by-product.  The Directive seeks to 
move the EU closer to a “recycling society”, by avoiding waste generation and using 
waste as a resource. 
 
European waste legislation deals with waste under three categories: (i) horizontal 
legislation which establishes the framework, the definitions and principles, and the 
overall requirements for all waste management operations (including the Waste 
Framework Directive (75/442/EEC) - (2008/98/EC)); (ii) legislation on waste 
treatment operations detailing controls on specific treatment options (including the 
Landfill Directive (99/31/EC); and (iii) legislation pertaining to specific waste 
streams, in the context of Extended Producer Responsibility, including packaging.   
 
2.2.1 Waste Definition 
 
In the Waste Framework Directive 1975 (75/442/EEC) waste was originally defined 
as “…any substance which the holder discards or intends to discard”.   
 
A holder is the producer of the waste or the natural or legal person who is in the 
possession of it.  The producer is anyone whose activities produce waste (original 
producer) and/or anyone who carries out pre-processing, mixing or other operations 
resulting in a change in the nature or composition of this waste. 
 
Since 1975 the definition of waste has been revised and is currently cited in the 
Council Directive 2006/12/EC (the Waste Framework Directive) as “…any substance 
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or object, in the categories set out in Annex I (of the Directive), which the holder 
discards or intends or is required to discard”.   
 
2.2.2 Legislation of Relevance to Plastics-Derived Waste Streams 
 
For the purposes of this research only those key pieces of EU legislation that might 
apply in the handling, treatment and disposal of plastics-derived waste are described.  
They include: 
 
 EU Hazardous Waste Directive 1991  
 EU Landfill Directive 1999 
 EU Waste Incineration Directive 2000 
 EU Waste Framework Directive 2008 
 EU Directive on Packaging and Packaging Waste 1994. 
 
EU Hazardous Waste Directive 1991/689/EEC: The EU Hazardous Waste Directive 
1991 redefines hazardous waste as wastes with one or more of fifteen specified 
characteristics (H1-H14) pertaining to physical, chemical and biological properties.  
The Directive prohibits the mixing of hazardous waste with other waste.  It places 
strict requirements for permitting installations handling hazardous waste, places strict 
requirements on waste producers and carriers to keep records of waste transactions, 
and, requires waste transfers to comply with the EU‟s 1993 Trans-frontier Shipment 
of Waste Regulations.  Compliance with the Hazardous Waste Directive in England is 
effected through the Hazardous Waste (E&W) Regulations 2005, providing for the 
controlled management of hazardous waste from the point of production to the final 
point of disposal or recovery. These regulations should be read in conjunction with 
the List of Waste Regulations 2005 which transposes the revised European Waste 
Catalogue (EWC) 2000/532/EC into UK legislation.  Interpretation of the waste 
classification is important in the context of categorizing plastics-derived wastes which 
are cited in Chapter 15 of this legislation, dealing specifically with packaging waste.  
 
EU Landfill Directive 1999/31/EC: The main driver for the management of waste in 
general is governed by the Landfill Directive of 1999 which seeks to limit the 
disposal of biodegradable waste to landfill. The planned reduction from 1995 levels is 
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to 75% of the 1995 level by 2006, 50% of the 1995 level by 2009 and 35% of the 
1995 level by 2016.  Those countries landfilling more than 80% of their municipal 
waste in 1995 (including the UK) were allowed to take advantage of a 4 year 
derogation to extend the time to meet the objectives of the Directive, to 2010, 2013 
and 2020 respectively.   The implementation of the Directive in the UK is through the 
Landfill (England and Wales) Regulations 2002, amended in 2004 and 2005, which 
aim to prevent, or to reduce as far as possible, the negative environmental effects of 
landfill.    
 
EU Waste Incineration Directive 2000/76/EEC: The Directive, which was 
implemented in England and Wales through the Waste Incineration (E&W) 
Regulations 2002, aimed to minimise the impact of negative environmental effects on 
the environment and human health resulting from emissions to air, soil, surface and 
ground water from the incineration and co-incineration of both hazardous and non-
hazardous waste.  The Directive defines an incineration plant as “….. any stationary 
or mobile technical unit and equipment dedicated to the thermal treatment of waste 
with or without recovery of the combustion heat generated…”.  Thermal treatment in 
this context includes both incineration/combustion and other treatments such as 
pyrolysis and gasification, and refers to a process resulting in an irreversible change 
to the chemical structure of the original waste.   
 
EU Waste Framework Directive 2008 (Council Directive 2008/98/EC): The Directive 
requires Member States to bring into force the laws, regulations and administrative 
provisions necessary to comply with this Directive by 12
th
 December 2010.  The 
definition of waste has been further amended in the Directive to clarify when waste 
ceases to be waste and what is a by-product.  Amendments have also been introduced 
to the hazardous waste legislation to bring it more into line with the approach in the 
chemicals legislation. The Directive sets out a five-step hierarchy for waste 
management options, with emphasis on prevention, preparation for re-use, recycling, 
recovery, and the concept of high energy-efficient waste incineration, for example, 
being included as a recovery operation rather than a disposal operation. 
EU Directive on Packaging and Packaging Waste (The Packaging Directive), 
94/62/EC:  This Directive was adopted in 1994 and for the first time placed 
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responsibility for product-associated waste on producers. The intention of the 
Directive, through a harmonised set of operational principles (Article 1 of the 
Directive), was to: 
 
 Ensure, in aggregate, that a large proportion of packaging waste was recovered 
and recycled; and 
 Preserve the integrity of the European internal market by ensuring free access 
throughout the EU for all packaging complying with the Directive and thus 
removing obstacles to trade and distortion and restriction of competition.  
 
The Directive text states that “in relation to packaging ‘economic operator‘ shall 
mean suppliers of packaging materials, packaging producers and converters, fillers 
and users, importers, traders and distributors, authorities and statutory 
organizations”.  Under the Directive, the national programmes of Member States have 
been based on the displacement of responsibility for packaging waste from 
municipalities back up the supply chain to producers, such that local authorities have 
no legal obligation in relation to the collection, recovery and recycling of packaging 
waste. In practice, producers of packaging are usually responsible for ensuring 
adequate levels of collection, recovery and recycling are achieved so as to meet the 
Directive targets, and, as a consequence, the financing burdens also lie with the 
producers. The Directive is one of the main pieces of legislation applicable to a 
marketed pack and sets specific targets for recovery of packaging waste, by weight, 
and, within this target, a further requirement of minimum recycling, by weight, for 
each packaging material. 
 
In the UK the Directive was transposed into the Essential Requirements (1998) as 
amended 2003, 2004, 2006 and 2009, stating that: 
 
 Packaging should be of the minimum volume and weight whilst retaining 
required levels of safety, hygiene and consumer acceptance of the 
packaged product; 
 Packaging should be produced/designed to allow re-use or recovery and, at 
point of disposal, environmental impacts should be minimised; and 
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 The manufacture of packaging should minimise the generation of 
hazardous or noxious substances in emissions, leachate or ash from landfill 
or incineration. 
 
2.2.3 UK Legislative Instruments of Relevance to Plastics-Derived Waste Streams 
 
The first major piece of legislation, within the UK, pertaining to the environment as a 
whole was the Environmental Protection Act 1990, and emanating from it were a 
number of regulations focusing on duty of care, prescribed substances and processes 
and waste management licensing.  The Environmental Protection Act covered for the 
first time air, water and land through integrated pollution control.   
 
This was followed by the Environment Act 1995 which focused on changes to the 
legislative and institutional arrangements for waste management, including the 
establishment of the Environment Agency, the requirement to produce a National 
Waste Strategy and the introduction of the Producer Responsibility Obligations 
leading to the creation of the Packaging Waste Regulations. 
 
Producer Responsibility Regulations 1997 (and subsequent amendments): These 
regulations laid down the producer responsibility obligations for businesses that meet 
specified thresholds for both financial turnover (in excess of £2m per annum) and 
tonnage of packaging processed (in excess of 50t per annum) and the extent of 
obligation was dictated by the position of the company in the manufacturing supply 
chain, for example, as a raw material producer (6%), converter (9%), packer/filler 
(37%) or wholesaler/reseller (48%).  The recovery and recycling targets were set for 
each year with the obligations calculated as follows:  
  
Recovery obligation = tonnage processed x % obligation x recovery target*  
Recycling obligation = tonnage processed x % obligation x recycling target*  
* UK target, other member states have different schemes. 
 
The publication of a revised packaging directive (2004/12/EC) which set new 
recovery and recycling targets to be met by the end of December 2008 led to the 
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creation of new Producer Responsibility Obligations (Packaging Waste) Regulations 
in 2009. 
 
Waste and Emissions Trading Act 2003: This Act was intended to help the UK meet 
its obligations under the EU Landfill Directive.  Part I of the Act sets out the 
framework to require local authorities to progressively reduce the amount of 
biodegradable municipal waste landfilled in line with the requirements of the Landfill 
Directive. It is implemented through the Landfill (Scheme Year and Maximum 
Landfill Amount) Regulations 2004, which specify the maximum amount of 
municipal waste which may be sent to landfill in the UK in the target years and non-
target years.  The Act provides a framework for the Landfill Allowance Trading 
Scheme (LATS), a system whereby tradable landfill allowances are allocated to waste 
disposal authorities each year.  The scheme enables allowances to be traded with 
other authorities, saved for future years (banked) or used in advance of future 
allowances (borrowed).  Inter-year trading is allowed in non-target years, and a fixed 
penalty for exceeding a landfill allowance of £150 per tonne (in England, for 
example) has been set.  
 
Finance Act 2006: Amendments to Part 9 of the Finance Act 1996 set the rate of 
Landfill Tax to be charged at £21 for each whole tonne of active waste disposed of, 
with the current rate (2009) of tax being £40 per tonne rising to £48 in 2010. 
 
2.3  Policy, Strategy and Other Drivers  
 
2.3.1 European Thematic Strategy 
 
At the European level, waste is one of seven thematic strategies published by the 
European Commission which include: air quality; marine environment; sustainable 
use of resources; waste prevention and recycling; pesticides; soil quality; and urban 
environment.  Published in December 2005, as 2005/0281, it set out a strategy for 
meeting the obligations agreed in the Sixth Environmental Action Programme (6
th
 
EAP), the aim of which was to modify the Waste Framework Directive 75/442/EEC 
with improved definitions and changes to some supporting directives.  The concept of 
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unsustainable trends in waste generation due to environmentally inefficient use of 
resources is introduced and linked to the 6
th
 EAP as the motivator for introduction of 
change. 
 
The EU waste policy is based on the waste hierarchy which dictates that ideally waste 
should be prevented and, where it cannot be prevented, it should be reused, recycled 
and recovered as much as feasible, with landfill being used as little as possible. The 
goal of the thematic strategy is to move Europe to a recycling and recovery society 
which means moving up the hierarchy away from landfill and progressively 
increasing fractions of waste in recycling and recovery applications.  
 
The waste policy is to be viewed as an evolving system which has the potential to 
contribute to a reduction in the overall negative impact of resource use by increasing 
the recycling and recovery of materials, which, in turn, contribute to maintaining a 
resource pool, essential for continued economic growth. The proposed actions to 
support the goal are: 
 
 Renewed emphasis on full implementation of existing legislation; 
 Simplification and modernisation of existing legislation; 
 Introduction of life cycle thinking into waste policy; 
 Promotion of ambitious waste prevention policies; 
 Improved knowledge and information management; 
 Development of common reference standards for recycling; and 
 Further elaboration of the EU recycling policy. 
 
The anticipated impacts of the changes to the policy are: less waste to landfill; more 
composting and energy recovery from waste; and more and better recycling. 
 
The environmental and social benefits arising from the implementation of the strategy 
are: 
 A more efficient and cost effective waste policy due to improved focus on 
environmental impact; 
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 Cost reductions through the removal of barriers to recycling and recovery 
operations under an improved regulatory framework; 
 Economic and environmental efficiencies through national waste prevention 
policies; and 
 Reduced emissions from waste disposal, with a consequential reduction in 
greenhouse gas emissions, through increased efficiency in waste recovery. 
 
2.3.2 UK Waste Strategy 2007 
 
The summary of the UK Waste Strategy opens with reference to the concept of “One 
Planet Living” and the current unsustainable rate that waste is generated. The strategy 
seeks to address the issue of waste by reduction, reuse and energy recovery; leading to 
a substantial reduction in the quantity of material being sent to landfill. 
 
The strategy seeks to make waste a societal issue by making all members of the 
product value chain a contributor in waste reduction: 
 
Producers will have to make products using more recycled materials and less newly 
extracted raw materials. They will have to design products that are less wasteful and 
take responsibility for the environmental impact of their products throughout their 
life; 
Retailers will have to reduce packaging, source and market products that are less 
wasteful, and help their consumers to be less wasteful; 
Consumers – both business and individual households – will have the opportunity to 
reduce their own waste, purchase products and services that generate less waste and 
reduce environmental impacts, and separate their waste for recycling; 
Local authorities will have to commission or provide convenient recycling services 
for their residents and commercial customers and advice and information on how to 
reduce waste. They will also have to work with their communities to plan and invest in 
new collection and reprocessing facilities; and 
The waste management industry will have to invest in facilities to recycle and 
recover waste, and provide convenient waste services to their customers to recycle 
and recover their waste. 
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The UK government‟s key objectives are designed to: 
 
 Decouple waste growth (in all sectors) from economic growth and put more 
emphasis on waste prevention and re-use; 
 Meet and exceed the Landfill Directive diversion targets for biodegradable 
municipal waste in 2010, 2013 and 2020; 
 Increase diversion from landfill of non-municipal waste and secure better 
integration of treatment for municipal and non-municipal waste; 
 Secure the investment in infrastructure needed to divert waste from landfill 
and for the management of hazardous waste; and 
 Get the most environmental benefit from that investment, through increased 
recycling of resources and recovery of energy from residual waste using a 
mix of technologies. 
 
The strategy sets targets for waste recycling and recovery: 
 
 Recycling and composting of household waste – at least 40% by 2010, 45% 
by 2015 and 50% by 2020; and 
 Recovery of municipal waste – 53% by 2010, 67% by 2015 and 75% by 2020. 
 
Towards this strategy, key waste materials have been identified that should yield 
significant environmental benefits, some of which are of relevance to the packaging 
industry and the research described in this thesis, namely, paper, food and green 
wastes, plastics and aluminium.  Furthermore the strategy recognises: (i) the 
importance of product policy in reduction of waste impacts, specifically at the design 
stage, in terms of resource efficiency, material re-use and remanufacture, and, (ii) the 
value of efficient recovery of materials and energy supported by greater segregation 
and sorting of waste by households and businesses in accordance with the proximity 
principle.  
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2.3.3 Design for the Environment  
 
Design for the Environment (DfE), a relatively new term in the context of industrial 
operations, with the first reference appearing in the early 1970s (Papenek, 1972), has 
generally been applied retrospectively to an existing process, product or pack with the 
overall objective being to reduce both the cost and environmental impact of a product 
throughout its lifecycle.  There are three broad categories of DfE: (i) design for 
environmentally focused manufacturing; (ii) design for environmentally focused 
packaging; and (iii) design for end-of-life deconstruction and recycling. 
 
As stated by Crow (2001) the principles underlying the overall objective include: 
 
 Simplification and standardisation of process and components; 
 Reduction of number of components yields a consequential reduction in 
assembly errors, cost of assembly and increased opportunity for 
automation of assembly processes; 
 Design so that the assembly process is unambiguous, leading to line 
efficiencies;  
 Design verification of the product and its components to provide a natural 
test or inspection of the item; 
 Avoidance of tight specification beyond the natural capability of the 
manufacturing processes and design in the middle of a components 
tolerance range;  
 Design "robustness" into products to compensate for natural variation in 
the product's manufacturing, testing and use;  
 Design for component orientation and handling to reduce non-value 
adding manual intervention in orienting and merging parts; thus 
facilitating automation; 
 Design for ease of assembly by application of simple movement patterns 
and minimization of fastening steps;  
 Utilisation of common parts and materials to minimise the amount of 
inventory in the system and to standardise assembly operations;  
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 Design of modular products to facilitate assembly with building block 
components and subassemblies; and 
 Design for ease of servicing the product and its end-of-life deconstruction. 
 
An investigation by Jeswiet and Hauschild (2008) into market forces and the need to 
design for the environment captures the importance of DfE and its application within 
product development as: “Designers need to be more involved in the environmental 
impacts they produce because they are eventually manufactured, used and discarded, 
and it is through these activities that most environmental impacts in our society are 
created”. In other words, for DfE to be successful it needs to be implemented as part 
of a system that recognises holistically the social, financial and environmental impacts 
and benefits. Although the paper presents DfE from the perspective of major 
engineered goods and leans towards the automotive sector, the principles are directly 
applicable to packaging materials and packaging constructions.  Whilst Jeswiet and 
Hauschild focused on market forces that drive design, it is important to remember that 
design can also have an impact on the successful marketing of a product; the media 
often criticise manufacturers for over-packaging of goods without understanding the 
role of an individual component in a packaging system. 
 
Luttropp and Lagerstedt (2006), in their work on eco-design, purport that: “The most 
important moment in product development is when demands and specifications are 
decided for the product in the planning phase”. The authors recognise the changing 
role of the designer from meeting the needs of the user/consumer to stimulating 
desire, a concept well recognised within the packaging industry where packaging has 
been referred to as “The Silent Salesman” (Soroka, 1995), and also observe that there 
is a balance between environmental cost and functional income in sustainable 
development, with some design processes tending to stop at product launch whilst 
others progress into a cycle of continuous evaluation.  The authors have further noted 
that consumer trends and regulatory pressures are moving society to a pivotal point 
where consumers will seek environmentally focused products where there is no loss 
of technical performance and the cost implications are neutral; this situation is best 
illustrated by the success of “Small and Mighty” laundry concentrates which are 
promoted on the basis of: (i) reduction of shipping of water, leading to savings in 
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packaging and distribution efficiency; (ii) no loss of technical performance; and (iii) 
environmental stewardship leading to benefits for future generations. 
 
An example of improving the environmental profile of a product by using DfE tools is 
the recently launched Motorola W233 Renew, mobile phone (Figure 2.2), which is 
constructed from polymer recovered from plastic water bottles. The manufacturer has 
applied DfE principles to the product itself, to the packaging, and to the 
documentation included in the pack which is printed on paper products manufactured 
from post consumer recycled paper. No claims are made for use of natural inks in the 
printing of the product documentation and this would be a way of extending the 
environmental profile. 
 
 
 
 
 
 
 
 
 
 
Figure 2.2 Motorola W233 Renew 
 
The product is the first mobile phone to be marketed on environmental claims; 
however it is likely that it will not be the only electronics product in the Fast Moving 
Consumer Goods (FMCG) sector to adopt an environmental marketing strategy.  
 
There are examples of recycled food grade polymers that are becoming popular as a 
way of raising the environmental profile of a product and one North American dairy 
producer: Stoneyfield Farm has encouraged recycling of its yoghurt pots to make the 
handles for toothbrushes which are sold under the name of Preserve
®
 (Figure 2.3). 
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Figure 2.3 Stoneyfield Farm yoghurt pots and Preserve toothbrush 
 
The use of the post consumer waste yoghurt pots to produce the toothbrush handle is 
extended to the manufacture of disposable razor handles.  Furthermore, the return of 
both products by mail is encouraged by the company so that they can be used to 
manufacture plastic lumber products, thus creating a third recycling lifecycle.  These 
examples fit with Luttropp and Lagerstedt‟s earlier observation, with the Stoneyfield 
Farm‟s design philosophy supporting the extension beyond product launch into a 
cycle of continuous evaluation. 
 
In a publication entitled New trends for design towards sustainability in chemical 
engineering: Green Engineering the authors, Garcia-Serna, Perez-Barrigon and 
Cocero (2007), in their focus on the concept of green chemistry, acknowledge a 
number of the design philosophies that underpin DfE: The Natural Step, Biomimicry, 
Cradle to Cradle, Getting to Zero Waste, Resilience Engineering, Inherently Safer 
Design, Ecological Design, Green Chemistry and Self Assembly. It is widely 
recognised that there is considerable cross-over and commonality between the 
different philosophies. 
 
Knight and Jenkins (2008) explored the possibility of adopting eco-design within the 
product development process and developed a five stage applicability framework used 
for the creation of three eco-design tools, in the form of checklists, with a focus on 
materials, energy and toxicity.  The authors claim that one way the manufacturing 
industry can reduce its impact on the environment is to adopt a strategy of eco-
efficiency, in which the use of eco-design tools is fundamental to sustainable and 
improved product development, recognising, however, that the reluctance to adopt 
eco-design principles may be due to the fact that the methods are not generic and, 
therefore, not immediately applicable without customisation to the specific business.  
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Where traditional design is concerned with production and use, eco-design considers 
raw material extraction and processing, production, use and end of life. 
 
In summary, the ultimate goal of a zero waste society will require a combined effort 
from the general population, government, manufacturing industry and the waste 
management companies and will need to consider DfE at the point of product 
conception and apply the principles of DfE through to a product‟s end of life. The 
population must play their part in assisting recycling and accepting products 
manufactured from sustainably sourced materials or using reconditioned components, 
government must provide legislative framework to support and encourage the 
recovery of valuable resources from the waste stream. Manufacturing industry must 
implement DfE practices and accept recovered materials for manufacture; the waste 
management sector needs to be proactive in the adoption of new technologies for 
identification and disassembly of products and reduce reliance on export of waste 
leading to depletion of the local recyclate pool. 
 
2.3.4 International Roadmap for Consumer Packaging 
 
A report entitled “International Roadmap for Consumer Packaging” was published 
(Beeton, 2006) summarising the findings from twelve road mapping workshops 
carried out with seventy different organisations drawn from the packaging sector. The 
work was carried out by the Institute for Manufacturing and sponsored by EPSRC, 
PIRA International and Faraday Packaging Partnership.  The principal aims of the 
roadmap, in the period covered (2005-2015), are to: 
 
 Capture and structure the key trends and drivers facing the packaging sector 
over a ten year horizon; 
 Communicate detailed insights into the nature and implications of the trends 
and drivers, including identification of competitive threats and opportunities 
for innovation; and 
 Provide a framework to support strategic planning, decision making and 
collaboration in the packaging sector. 
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The report catalogues the participants in the supply chain, but fails to (i) consider the 
supply chain beyond the consumer and (ii) address design for the environment (DFE) 
as a major driver. The research, however, does highlight the likelihood of the 
introduction of active and intelligent packaging to meet a number of supply chain and 
consumer needs and specifically references radio frequency identification (RFID) 
labelling as a technology with applications in this area, but does not consider it as a 
means of identifying waste packaging materials for recycling, the subject of Chapter 3 
of this thesis. 
 
2.4  Local and Regional Authority Perspective 
 
Of the two classifications of plastics - thermoplastics and thermosets - it is the 
thermoplastics that are of greatest interest to local and regional authorities for 
recycling as they tend to have a greater marketability. 
 
The ACRR worked in partnership with the European Plastics Industry Federations to 
prepare a good practice guide for recycling of plastic waste, based on three key 
principles: 
 
 Management of waste and resources with a view to sustainable development;  
 Prevention and recovery of waste, in respect of the waste hierarchy; and 
 Developing partnerships between local and regional authorities and between 
the public and private sectors. 
 
The quantity of plastics in municipal solid waste (MSW) is rising year on year due to 
increased consumption trends in consumer packaging applications. Some authorities 
have put collection management systems in place to reduce the quantity of plastic in 
the waste stream being disposed to landfill.  Waste plastics are also derived from the 
commercial and industrial sectors and may include waste electrical and electronic 
equipment and construction waste such as uPVC window frames and cladding.  The 
overall increase in the use of plastics and consequent increase in levels in the waste 
stream presents an opportunity to recover a significant supply of post consumer 
plastic waste. For example, in 1960 the quantity of waste plastics in MSW was 
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negligible but by 2000 it represented 9.9%, with a growth in MSW, in the same 
period, from 88 to 217Mtpa (APME, 2000).  This growth raises social, economic and 
environmental issues and impacts on the local authorities‟ management of the solid 
waste (as represented by MSW) and plastic waste.  Most significant are the issues of 
capacity saturation of solid waste disposal facilities; societal pressure for selective 
material collection services; visual pollution and its effect on tourism; and compliance 
with legislative targets for recovery, recycling and landfill diversion. 
 
With local authority landfill sites under pressure to maximise their operational life, 
the disposal of plastics to landfill is met with resistance due to the persistent and non-
biodegradability of the waste and the volume that it occupies in relation to its weight. 
Through a combination of legislative and economic incentives local authorities are 
encouraged to divert waste from landfill and to concentrate on extension of landfill 
capacity through implementation of a recycling and recovery strategy. To achieve 
such a strategy that diverts material from landfill the starting point is the collection 
and separation of the plastic stream from the waste.  
 
2.4.1 Waste Plastics Flows  
 
In general, the likely sources of waste handled by local authorities are the domestic, 
commercial and industrial, agricultural and construction and demolition sectors.  In 
terms of plastics waste, at local and regional level, authorities need to understand the 
key sectors from which this waste arises, the most common plastic wastes, by sector 
and the volume of waste generated. 
 
The collection and processing of plastics derived from the domestic sector is difficult 
to manage compared with those derived from other waste streams due to the wide 
variety of polymers used and the relatively low bulk density for containers in the 
uncompacted state. In other words, a large volume needs to be collected in order to 
yield a viable mass for recycling. 
 
Although the range of plastics in MSW is considerable, their appropriateness for 
recycling is dependent on both their availability in sufficient quantity (minimum 
economic quantity) and their feasibility for collection and recycling (dependent on 
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facilities and methods available).  Further barriers to recycling domestic plastic waste 
from the MSW include contamination potential (arising from soiling with food waste 
and mixed bottle and closure combinations), high dispersion of material, prohibitions 
on closed loop recycling, and polymer colours related to end markets (clear and white 
attracting best resale prices).   
 
 The commercial waste differs from domestic waste as it has a longer term use, with 
most domestic packaging entering the waste stream within 12 months of manufacture, 
whereas distribution packaging (commercial) may be designed for reuse and held in 
longer term cycles; therefore proportionately less plastic may be available annually.  
The use of multi-trip industrial packaging is most suitable for end of life recycling 
because the material is clean and homogeneous, the economic value is retained, the 
distribution network gives a known geographical dispersion, and there is a ready 
market for recycling into similar applications. 
 
The main barrier to recycling in the commercial sector is the handling of plastics, 
arising from the distribution process (e.g. stretch/shrink wraps of LDPE and 
bags/sacks manufactured from HDPE), which inherently comprise down-gauged 
blown film with a low weight to volume ratio making them less attractive in terms of 
collection and recycling efficiency. 
 
In terms of the agricultural sector, two types of plastic waste present their own 
difficulties in terms of treatment at end of life: (i) containers that have been used for 
agrochemicals, which may therefore be contaminated, and are sent for energy 
recovery by incineration rather than recycling, and (ii) agricultural films of relatively 
low density and wide geographic spread which may also have been exposed to 
weathering by UV radiation and be contaminated with agricultural soiling. 
 
In the construction and demolition sector, plastics generally have a long service life.  
The potential success of recycling post-demolition plastics will be impacted by factors 
such as: geographic dispersion; resources required for on-site separation; financial 
burden of collection and transport to recycling facility; and current low landfill costs 
and taxes which do not act as an incentive to recycle.  
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In summary any assessment of local/regional flows of plastics waste requires 
knowledge of: composition, quantity and source of waste available; geographical 
distribution and redistribution; daily and seasonal supply variation patterns; and, eco-
efficiency of the system in comparison to alternative options, in order to inform the 
design of an appropriate municipal collection scheme. 
 
2.4.2  Waste Plastics Collection  
 
The ACRR report makes several references to the preference of local/regional 
authorities for recycling plastic bottles as targeted waste for the following reasons: 
 
 Plastic bottles are a major fraction in the MSW, with two predominant 
polymers: PET and HDPE; 
 Recognition and separation of the waste is relatively easy in the domestic 
situation; 
 Plastic bottles are easily sorted at a recycling centre; 
 A ready market exists for sale of sorted plastic bottle waste; and 
 Economic benefits exist for the selective collection and recycling of plastic 
bottles over disposal costs. 
 
The collection methods available to the domestic sector include: kerbside collection; 
neighbourhood containers; and, recycling courts/container parks. The choice of 
scheme made available by a local or regional authority may be influenced by the type 
of plastics for which there is a ready market, however there is a general hierarchy as 
shown in Table 2.1: 
 
Collection Method Material Types Recovered 
Kerbside collection Plastic bottles and small containers 
Neighbourhood 
containers 
Plastic bottles, small containers and bulkier transit 
packaging e.g. foamed inserts and stretch films 
Container parks Bulky plastic items such as pipes, garden furniture and 
window frames. This type of service is typically utilised 
by domestic and small business users 
Table 2.1. Hierarchy of Collection Schemes 
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The main objective of a collection scheme is to obtain a clean and relatively 
homogeneous stream of material for processing at a reasonable cost, which can be 
achieved by specifying a target material; however the penalty with such a strategy is 
that the donor may be hesitant in placing the material into the stream. Although a 
multi-material scheme, on the other hand, may yield a higher return of material, it 
may have higher levels of contamination that need to be removed from the material 
stream. The education of the public on suitable recycling practice is fundamental to 
the success of any recycling scheme. 
 
Selective collection of waste involves public participation in pre-sorting of recyclable 
material into designated collection vessels. To reduce contamination and ease 
recycling the public is encouraged to rinse plastic, glass and cans prior to their 
discard. Many local authorities concentrate their plastics recycling on PET, HDPE 
and PP bottles as they are relatively easily identified and sorted by automated 
systems, many of which are based on infra-red detection. The number of different 
plastics and the varying levels of contamination can, however, result in poor quality 
recyclate and high rejection rates. Attempts have been made to establish a market for 
a recyclate of mixed plastic waste but the market for such products is limited. Local 
and regional authorities tend to participate in a ready market rather than adopting a 
proactive approach in seeking or creating a market for their waste plastic arisings, 
since to do so, requires detailed knowledge of the quantities of plastic arising, the 
types of plastic suitable for recycling, the collection methods and sorting systems 
available, the quality requirements of the recycled plastic market, the markets for the 
sorted materials, and the market prices for the sorted fractions. 
 
2.4.3  Waste Plastics Sorting  
 
Sorting of the MSW to remove recyclable components such as glass, metal, fibre and 
plastic waste has the benefit of reducing the bulk of material entering landfill. When 
looking at the plastics fraction it is important to consider the level of contamination of 
the product.  In the case of lightweight thermoformed containers, contaminated with 
food residue, the energy and resources involved in cleaning and recycling may not be 
justifiable in environmental or economic terms thereby making energy recovery by 
combustion the attractive option for such lightweight products. Relatively high weight 
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products, on the other hand, such as bottles, are often the chosen product for removal 
from the waste stream since, by virtue of their weight they present a good yield of 
material for the effort involved in their identification and removal. 
 
Material for sorting is taken from a collection site to a material recycling facility 
(MRF). The characteristics of the material tend to be dictated by the collection 
scheme: a kerbside collection of domestic origin is normally composed of a high 
fraction of plastic bottles whereas a container park or civic amenity site may yield a 
plastics fraction composed of pipes and window frames. 
 
The sorting of the products has an influence on the price that can be achieved for 
recycling.  In general, a commingled product will have a lower price and commercial 
appeal than a single material of uniform colour. It is important, however, that 
materials are targeted so that those for which there is a market are preferentially 
removed from the waste stream. Sorting is achieved by automatic or manual 
operations; manual sorters achieve a throughput of around 80kg per hour for each 
employee, compared to a throughput of 1 or 2 tonnes per hour for an automated 
sorting line. The types of sorting system that can be employed to assist in the 
improvement of sorting and processing recovered plastics are discussed in further 
detail in Chapter 3, but an illustration of the type of plastic waste sorting, preparation 
and processing flow (using the Sortec technology developed by DSD in Germany) is 
given in Figure 2.4.  Sorted plastic waste can be bulky to store and transport, therefore 
a number of sorting operations also include a size reduction step which can range 
from baling of material in the compacted state through to shredding and flaking of 
material.  
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Figure: 2.4 - Plastic waste sorting, preparation and processing flow 
(Source: ACRR, 2004) 
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2.4.4 Treatment Options for Waste Plastics  
 
Incineration of waste plastics is a recognised method of reducing the volume of this 
waste going to landfill. In the context of a recycling and recovery strategy, 
incineration of this waste offers the opportunity of recovering value from the material 
since the calorific value of the most commonly used packaging plastics is higher than 
fuel oil (Table 2.2). 
 
The incineration of waste plastics for energy recovery can be carried out at a MSW 
incinerator or in a cement kiln; both processes are highly energy efficient and allow 
for energy recovery or release. The perceived drawbacks of incineration relate to 
potential pollution and generation of greenhouse gases, but the perception re pollution 
may be outdated since modern incineration plants operate at temperatures high 
enough to destroy potential pollutants and use chemical scrubber units which can 
remove any undesirable agents from the emissions, thus leaving the management of 
greenhouse gas emissions as the main issue at the current time. 
 
Fuels, Polymers and Mixed Plastic Waste Net Calorific Value (MJ/kg) 
Oil 
Coal 
Polyolefins (HDPE/ LDPE/ PP) 
Mixed Food Packaging 
Mixed Non-food Packaging 
PVC 
40 
25 
45 
45 
37 
22 
Table 2.2.  Calorific Values for Incinerated Waste 
 
The introduction of advanced thermal conversion techniques such as pyrolysis, 
gasification or plasma gasification offers attractive alternatives for the treatment of 
residual wastes containing plastics.  Gasification, for example, involves the treatment 
of the organic waste with steam and/or limited oxygen under high pressure to produce 
a synthetic gas (syngas). The advantage of the process is that it is potentially more 
efficient than direct combustion of waste and operates at temperatures that prevent the 
formation of dioxins and furans. 
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2.5 Summary 
 
This chapter introduces the definitions of sustainability, how the concept of 
sustainability operates, the general structure of Agenda 21 and the main elements of 
the Agenda that apply to the recovery, reuse and recycle of packaging materials.  
 
The legal definition of waste is set out together with those key pieces of legislation 
that might apply in the collection, handling, treatment and final disposal of those 
wastes of particular relevance to this research, namely, plastics-derived wastes from 
healthcare packaging streams.  Linked with the regulatory framework is the policy 
framework which includes the European Thematic Strategy for Waste and the UK 
Waste Strategy 2007, as well as drivers such as the International Roadmap for 
Consumer Packaging.  
 
The work on plastics waste conducted by the ACRR is presented, concentrating on the 
flows of material for recycling and the collection and sorting mechanisms, followed 
by the treatment options. The ACRR work underpins many of the goals set in the UK 
Waste Strategy and in the context of this thesis the ACRR work is perceived as being 
pivotal in the development of a strategy for sustainable use of packaging plastics. 
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Chapter 3 Method for the Capture of Healthcare Packaging 
Materials to Optimise Recovery 
 
 
3.1  Introduction to RFID Technology 
 
The underlying principle of operation of RFID technology is a radio broadcast, on a 
set wavelength from a base station, soliciting a response from a receiver unit which 
then broadcasts data back to the base station.  
 
The use of RFID technology in security applications is well established for vehicle 
tracking (Tracker™), offender monitoring and curfew tracking. Other applications 
include the manufacturing, distribution and retail sectors.   A number of high volume 
retailers including Metro, Tesco and Wal-Mart are viewing RFID as a successor 
technology to barcodes due to the superior data carrying and interactive data 
processing capability and the added benefit of no line-of-sight being required, with 
RFID sensors able to read tags in the centre of a pallet. The data handling capability 
allows for variable data to be carried on a tag and for data to be written to the tag in 
service. To promote the adoption of the technology Wal-Mart introduced a mandate to 
their suppliers in three tiers; the first level was to introduce the use of RFID tagging at 
pallet level, the second level to tag each case, the third level to tag each traded article.  
 
Whilst the use of RFID is known to deliver benefits, there is little evidence of the use 
of RFID in post consumer applications, with the notable exception of tagging of 
household waste bins for a charge-by-weight refuse collection scheme.  
 
In the context of this research the type of RFID system considered is that used for 
inventory management and stock control in manufacturing, distribution and retail 
applications.  Whilst the majority of published work (Angeles, 2005) and (Michael 
and MaCathie, 2005) concentrates on the use of RFID in the manufacturing and 
supply chain to the point of sale, this research explores the potential to use RFID in a 
post consumer application in which the RFID tag is applied to a traded article as a 
method of identification of materials of construction in packaging and to preserve 
their specification thereby improving their resale value into second use applications. 
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3.1.1 The Technology 
 
As illustrated in Figure. 3.1, central to the RFID system, there are three basic units: 
 
 Reader (Encoder/Decoder) to write data to the tag or read data encoded on the 
tag received by the antenna; 
 Broadcast and Receive Antenna (Sensor) – to provide power to the tag by 
induction and receive the emitted signal; and 
 RFID tag (comprises antenna and chip) – to store data on the chip and to 
broadcast when the tag receives power by induction from the sensor. 
 
Figure 3.1: RFID System  
(Source: www.webermarking.com) 
 
There are three types of tag: (i) passive; (ii) active; and (iii) semi-active, each of 
which is now described. 
 
Passive tags, which have no battery, transmit by induction when they pass through 
the electromagnetic field generated by a reader. Typically they can only store an 
identification code and have a much lower transmission range, although units 
operating at higher frequencies are being developed to allow 2000 bits read/write 
capabilities (up to 250 characters).  The passive tag is the type of technology that is 
used in manufacturing, distribution and retail sectors offering ranges from the WORM 
(Write Once, Read Many) tag to more sophisticated protocols where data are added to 
a tag to develop an audit trail for the product. 
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Active tags, which have a built-in battery, can not only store significant amounts of 
data but also continuously sense information and store data to the tag e.g. temperature 
and continuously or periodically send signals over relatively long distances to readers. 
The tags are bulkier and much more costly than passive tags and are typically used to 
monitor vehicle movements. 
Semi-active tags are an emerging technology where very small batteries, in some 
cases printed batteries, are used either to power sensors or to boost the transmission 
range of a passive tag when it has been triggered by a reader. This allows some of the 
functionality of an active tag without the cost and size implications. 
The common radio frequencies quoted for tag applications range from low 
frequencies of 125-134 KHz to microwave frequencies of 2.45-5.8 GHz. The key 
characteristics and applications of each frequency band are summarised in Table 3.1: 
 
Frequency Benefits Drawbacks Common 
Applications 
Low (LF) 
(125-134 KHz) 
 
 Accepted Worldwide 
 Works Near Metal 
 In Wide Use Today 
 <1.5m Read Range 
 Impractical for Warehouse 
Operations 
 Not in EPC Standards 
 Animal ID 
 Beer Kegs 
 Auto Key and Lock 
 Library Books 
High (HF) 
(13.56 MHz) 
 
 Accepted Worldwide 
 Works in Most 
Environments 
 In Wide Use Today 
 <1.5m Read Range 
 Does Not Work Near Metal 
 Sensitive to Water/Liquids 
 Item Level Track 
 Airline Baggage 
 Building Access 
Ultra High (UHF) 
(433/869/915 MHz) 
 
 Longer Read-Range 
Potential, 
>1.5m Read Range 
 Growing Commercial Use 
 Not Readily Useable in 
Japan 
 Does Not Work in Moist 
Environments 
 Detuning When Tags in 
Close Physical Proximity 
 Sensitive to Water/Liquids 
 Case, Pallet & 
Container 
 Track 
 Truck and Trailer 
Tracking 
Microwave (μW) 
(2.45/5.8 GHz) 
 
 Longer Read-Range 
Potential, 
>1.5m Read Range 
 No Commercial Use 
License in Parts of EU 
 Complex systems 
development 
 Access Control 
(Vehicles) 
Table: 3.1: RFID Frequency and Applications 
            (Courtesy of R.Coyle, GSK, personal communication) 
 
3.1.2 Operational Standards and Protocols for RFID Technology 
In the application of RFID, standards are required to ensure seamless functionality 
and compatibility of equipment from different RFID technology providers. 
Although some pioneering work on refining RFID standards was carried out in the 
1990‟s by the Auto-ID Centre, a consortium of user, academic groups and suppliers of 
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RFID technologies, there are two major groups currently working on standardisation 
of RFID: 
 The International Organisation for Standardisation (ISO); and 
 EPC Global - a joint venture between the Uniform Code Council (UCC) and 
the European Article Numbering International (EAN). 
 
Some manufacturers produce RFID tags to EPC Global standards e.g. Alien and 
Matrics, whilst others produce tags to ISO standards e.g. Phillips and EM, although 
due to the strong track record of UCC/EAN in developing commercial standards, 
most commercial organisations, especially in retail/consumer goods, are now looking 
to EPC Global to drive standardisation. 
 
EPC Global and ISO have agreed a common unified standard for tags, known as EPC 
Version 2; ISO Version C (Version 2/C), which is designed such that Version 2/C 
readers are able to read earlier versions of EPC and ISO tags and Version 2/C tags are 
readable by earlier versions of EPC and ISO readers. 
EPC Global uses the following model (Figure 4.2) to categorise those areas of RFID 
which require standardisation: 
 
Figure 3.2: RFID Standardisation Hierarchy 
     (Courtesy of R.Coyle, GSK, personal communication) 
 
EPC Information Services 
Electronic Product Code (EPC) 
RFID Reader 
Object Naming Service (ONS) 
Savant 
EPC: A 64, 96, 128 or 256-bit globally unique number or registration plate for 
the object (a product, tray, case, pallet, container, truck, etc). 
ONS: Routing service that redirects the Electronic Product Code to TCP/IP 
address of the PML server and to the detailed information  
EPCIS: Uses Physical Mark-up Language (PML) to provide information 
and services around the product 
RFID:  Tagged products, cases or pallets 
Savant: Software that filters the information from the readers to report 
product movement      
Tag Frequency 
Tag Frequency: Standardisation enables one tag to be used 
globally 
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Standards are developed from the “bottom up” in a hierarchical sequence 
commencing with agreements concerning the frequencies to be used for tags; how 
products will be identified Electronic Product Code (EPC); how readers will work 
(RFID Reader); how local software which manage the readers will work and 
communicate (Savants); how product information can be found using the product 
code (the Object Naming Service) and finally how information and services related to 
the product can be provided (EPC Information Services). Although relatively well 
defined at the lower levels, standards are continuing to emerge at the higher levels, 
with: 
 Defined tag frequencies, which vary slightly by region (e.g. UHF 915 MHz 
for US, UHF 865-868 MHz for Europe), permitting the same tags to be used 
across regions with only small losses in read speeds and ranges;  
 Product codes and tag data standards being proposed in the common 
EPC/ISO standard;  
 Standards for readers being linked to tag standards and dependent on local 
regulations for electro-magnetic field (EMF) emissions, harmonisation of 
national standards is required to overcome the current situation where 
different readers are required in different regions. The European 
Telecommunications Standards Institute (ETSI) has agreed to changes which 
would allow the use of more powerful readers in Europe, equivalent to those 
available in North America; 
 An open source version of Savant software being adopted by software 
vendors/system integrators to allow pilot trials to take place;  
 Verisign being signed up by EPC Global to provide the Object Name 
Service (which will work in a similar way to the current domain name 
service for web addresses on the internet); and 
 A specification for the Physical Mark-up Language (PML) being produced, 
a language, based on Extensible Mark-up Language, XML, which will be 
used to provide product descriptions and related information. 
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3.2  Trialling of RFID for Application in the Recovery of Recyclable 
Packaging Materials 
 
As a first step towards the trialling of RFID for application in the recovery of 
recyclable packaging materials, the author identified the need to develop an RFID 
testing protocol.  The testing protocol was developed with Lozano (Lozano, 2006) and 
used in an initial trial investigation to simulate the application of RFID tags in a 
Material Recovery Facility (MRF) using GSK‟s RFID Experimental Laboratory in the 
USA.  
 
3.2.1 Initial Trial Investigation (US Trial) 
 
The investigation used high frequency RFID tags (Ario SM 440IC), which are a 
preferred format for use in pharmaceutical applications, with a view to testing read 
efficiency under stressed conditions designed to block radio reception and 
transmission using water, metal components and toothpaste residues as the shielding 
media.  
 
In order to simulate a bulk of material that may be present on the conveyor of a MRF, 
the test runs were carried out, using a tunnel reader and conveyor, with the materials 
being presented, in a variety of orientations, to provide a shielding effect and  with all 
tags being read on each pass through the tunnel. The experimentation was carried out 
with 100ml pump packs of Aquafresh toothpaste, which has significant water and 
mineral content to act as an insulator. 
 
3.2.2 Follow-Up Trials (France Trials) 
 
Materials: A selection of products was chosen from the GSK Consumer Healthcare 
product portfolio on the basis of being representative of the most common packaging 
types used in the sector.  These products are listed below: 
 
 Toothpaste Pump Dispenser: A polypropylene bodied pump dispenser filled 
with Aquafresh toothpaste. The pump is used for a number of products in the 
Aquafresh and Sensodyne product ranges; 
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 Toothpaste Aerosol: The pack is a “bag in can” impact-drawn aluminium can 
with dispensing nozzle assembly, moulded in PP. The pack is used for a 
number of post foaming products in the Aquafresh and Sensodyne ranges; 
 Card and Blister Pack: Containing an Aquafresh Flex toothbrush. The pack is 
typical of a tamper evident pack used for hygienic presentation of products, 
where the product information is printed on the backing card and the clear 
plastic blister displays the product; 
 PET Jar and PP Lid: The jar contained Horlicks powder but is representative 
of powder packed in a wide mouth jar;  
 PET Beverage Bottle: A clear PET bottle of modified Boston shape with PP 
screw cap closure. The bottle contained Ribena, a ready-to-drink non-
carbonated beverage. The product is typical of a high water content product; 
 Paper Laminate Brick Pack: The pack is used extensively for food, beverage 
and dairy products and is often referred to as an aseptic pack. Typically the 
laminate is manufactured from layers of paper/PE/aluminium foil/PE. The 
tests were carried out on two sizes of pack – (i) 288ml and (ii) 1litre; and 
 PET Mouthwash Bottle: A clear PET bottle of modified medicinal flat design 
with a PP cap. The bottle contained Aquafresh Mouthwash a relatively high 
water content product. 
 
Experimentation was carried out with filled packs to provide supportive data to the 
project sponsor on tag reading efficiency on the products selected prior to 
implementation of RFID tagging of products in some markets. The project sponsors‟ 
products were supplemented with some aluminium aerosol cans containing an 
aluminium chlorohydrate antiperspirant and deodorant product and aluminium foil as 
shielding agents. 
 
The initial investigation trial was extended in a further series of RFID trials – 
employing proprietary equipment (tunnel readers, inventory wands, portal and chute 
readers) - at the European Tagsys Facility in Marseilles, France, with the assistance of 
Olivier Ros of Tagsys.  The trials involved the use of both high frequency (HF) and 
ultra high frequency (UHF) technologies under the conditions set out in Table 3.2. All 
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experimentation was executed with full packs of product to perform stressed tests 
following discussions with the technical experts at Tagsys. 
 
 
Read Criteria: The reading of a tag is recorded as a pass or fail result within the scope 
of the work. For a pass to be recorded all items tagged for reading must have been 
read. In the case of conveyor belt studies every tag must achieve a read on each 
forward and reverse cycle to pass. 
 
                   Test 
 
 
 
 
Equipment 
Perpendicular 
reading 
distance 
Parallel 
reading 
distance 
Reading at 
standardised 
speed 
Increase 
conveyor 
speed to 
failure 
 
Mixed 
product as 
PCW 
simulation 
UHF 
reading of 
all products 
in single 
pass 
HF  
reading of 
all products 
in single 
pass 
Single Read 
Station 
(basic antenna 
and 
reader)HF/UHF 
  N/A N/A N/A N/A N/A 
Tunnel HF N/A N/A    N/A  
Tunnel UHF N/A N/A     N/A 
Inventory Wand 
HF 
N/A N/A N/A N/A  N/A N/A 
Inventory Wand 
UHF 
N/A N/A N/A N/A  N/A N/A 
Portal Reader 
UHF 
N/A N/A N/A N/A N/A  N/A 
Chute Reader HF N/A N/A N/A N/A N/A N/A  
Table 3.2: Tagsys Equipment Available for RFID Trials 
(Where  represents a test to be carried out and N/A denotes that the test is not 
applicable to the type of antenna and reader) 
 
Two different reading systems – distance reading HF and distance reading UHF - 
were evaluated to explore the use of RFID in alternative waste management 
operations, such as the deployment of RFID on kerbside collection vehicles and on 
portable reading units used by waste collection operatives. Another application, based 
on a reader used in the textile rental industry that has the potential to be converted for 
use in a Reverse Vending machine, is the use of RFID in a Reverse Vending unit 
which could potentially reduce the cost and mechanical complexity of the unit to a 
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point where it could be considered as an “intelligent bin” capable of listing its 
contents or, with the introduction of separate chambers and flap lids, undertaking 
primary sorting of materials (Tagsys, 2007). 
 
Distance Reading HF: In the HF distance reading system, an Aero LB antenna unit 
(Figure 3.3), and a C370 tag type (Figure 3.4), were used to read the distance at which 
the tag can achieve a stable reading. The distance between the tag and antenna was 
increased until the signal became unstable and then reduced to the point at which a 
stable reading could again be achieved and the distance then recorded.  The results for 
distance were read perpendicular and parallel to the antenna to provide a comparative 
measure between pack types at a fixed transmission power.   
 
 
Figure 3.3:  Aero LB Antenna 
 
Figure 3.4: C370 Tag 
 
The results are shown in Table 3.3. Tag readings were also recorded for changes in 
packaging material or design of pack – for example, the waisted design on the 
Horlicks™ pot does not allow the tag to lay flat on the pack and this could lead to tag 
failure due to the vulnerability of the antenna and chip in an unsupported state.  A 
fully supported tag in full contact with packaging is much more resistant to physical 
damage.  
 
Distance Reading UHF: In the UHF distance reading system, readings were taken, in 
the same way, using a POS-SRU 400 antenna, coupled with a Sirit 510 reader, (Figure 
3.5) and an AK2-7132 tag type (Figure 3.6). The results are shown in Table 3.4. 
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Figure 3.5:  Point of Sale SRU 400 Antenna Unit 
 
 
Figure 3.6: Tagsys AK Series Tag 
 
3.2.2.1 Inventory Wand Trials 
 
The inventory wand technology has been developed for use in library and retail 
applications for rapid stock checking. Its design, however, is such that it has the 
potential to be reengineered for more demanding operational conditions such as those 
encountered in waste management applications, for example in the screening of 
material in bins, bags or bales. For application in bins and bags the technology could 
be used to screen the quantity of recyclable material present thereby facilitating 
kerbside assessment for streaming of material, whilst in bales the technology could be 
used to assess the levels of contamination of stray material. 
 
HF Inventory Wand Trial: The HF inventory wand (Figure 3.7) is designed for close 
proximity tag reading for operating in a wireless environment, with a portable reader 
relaying data to a base station. The paddle antenna on the end of the wand is flexible 
to allow it to be either wiped over the surface of materials or inserted into a stack of 
materials. The trial involved taking a tray of tagged product mixed with some 
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untagged shielding product, in the form of aerosol cans containing deodorant.  The 
results are presented in Table 3.5. 
 
Figure 3.7:  HF Inventory Wand 
 
UHF Inventory Wand Trial: Like the HF inventory wand, the UHF model (Figure 
3.8), has been developed for use in library and retail applications, however, with its 
larger antenna and greater rigidity, it offers the advantage of faster reading and greater 
penetration into a bulk. Applying the method used for the HF trial - a selection of 
tagged product mixed with the untagged shielding product of aerosol cans containing 
deodorant (Figure 3.9) – the results from the UHF trial are presented in Table 3.6.  
 
 
Figure 3.8: UHF Inventory Wand 
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Figure 3.9: Tagged Mixed Product with Aerosol Shielding 
 
3.2.2.2 Tunnel Reader MRF Belt Simulation Trials 
 
Tunnel readers are the type of design of antenna that are most likely to be adopted in 
new construction of MRFs, due to their performance in reading tags from top, bottom, 
left and right sides. However a significant volume of packaging present in the waste 
stream will need to be tagged in order to make the adoption of the technology a 
commercial proposition. The unique identifier encoded on the tag can be used to 
provide detail on materials of construction via a database of packaging and 
specification. In the case of UHF reading there is also a beneficial reflection of the 
signal which results in faster read and increased penetration into a bulk. In the case of 
existing MRF‟s, a tunnel antenna can be fabricated on an existing conveyor and is 
likely to be a popular retro-fit application to convert an existing MRF to a RFID 
enabled plant. 
 
HF Tunnel Reader Simulation of MRF Conveyor: In the HF tunnel trial a tray of 
approximately 400 x 600mm containing mixed product, to simulate a bed of waste, 
was passed through the tunnel for 50 cycles of forward and reverse motion, with each 
product individually tagged, and 100% tag reading required to pass the test.  An initial 
run was carried out with the test materials unshielded, a second with the addition of 
some aluminium aerosol cans placed around the inside edge of the tray, and a final 
run with the addition of an aluminium foil lid. The results for the trial are shown in 
Table 3.7.  
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UHF Tunnel Reader Simulation of MRF Conveyor: Applying the method used for the 
HF tunnel trial - a tray of mixed product (Figure 3.10), to simulate a bed of waste, 
passed through the tunnel for 50 cycles of forward and reverse motion - the results 
from the UHF tunnel trial are shown in Table 4.8. The tagged samples were passed 
through the tunnel without shielding for the first run and with progressive addition of 
shielding agents for runs 2 and 3. The tests were carried out at maximum conveyor 
speed.  
 
 
Figure 3.10:  Test Materials on UHF Tunnel Conveyor  
 
The UHF tunnel conveyor makes use of signal reflection to achieve grater signal 
penetration in a dense matrix of product, thus delivering greater tag read speed 
compared with that of a similar HF unit. The tunnel conveyor and control unit, 
including the Sirit 510 UHF reader, are shown in Figures 3.11 and 3.12 respectively. 
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Figure 3.11:  UHF Tunnel Conveyor 
 
Figure 3.12:  UHF Conveyor Control Unit and Sirit 510 Reader 
 
3.2.2.3 Portal Reader Trials 
 
The portal reader is designed to read palletized material as it passes from one area to 
another, either within a facility or as it exits a facility on entry to a delivery vehicle. 
The action of passing the material through a portal is analogous to lifting a wheelie 
bin past antennae on the back of a waste collection vehicle and reading the contents of 
a bin.  The data could be used to prioritize the processing of a load at a MRF and 
would also be valuable for assessing the level of compliance with local recycling 
policy. 
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The experimentation was carried out using UHF technology as HF technology had 
been ruled out due to the read distances achieved with the tag type reported in the 
opening trial in this programme of experimentation. HF technology can be used in 
portal readers, however it requires design of pack and antenna to pass within close 
proximity; an example of this application is where the antenna is floor mounted and a 
tag on the base of a wheeled cage passes at a fixed distance. HF portal readers have 
been used successfully in assembly workshops for monitoring component inventory. 
 
UHF Portal Reader: The portal reader is designed to monitor the movement of stock 
in the supply chain.  With the ability to read a number of tags simultaneously, it has 
the capability of application in the recycling of material, delivering improved 
identification of material compared to current systems employed in MRFs - ranging 
from scanning a bin‟s contents as it is being loaded onto a kerbside collection vehicle 
to scanning sorted bales to check for contamination prior to reprocessing. The trial 
was carried out using a UHF portal reader set up in a doorway and the trial materials 
were passed through the doorway on a trolley.  
 
3.2.2.4 Chute Trials 
 
The chute system is currently used as a system for logging return of garments in an 
automated garment dispensing machine as shown in Figure 3.13.  
 
Figure 3.13:  SC400 Smart Cabinet System (Source: Tagsys) 
 
The system was developed for medical establishments, hotels and commercial laundry 
facilities, and has been operating successfully in more than 500 installations 
worldwide. A used garment is deposited in the tall cabinet shown on the left hand 
side.  As the garment passes through the chute reader the garment is logged back into 
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the stock inventory and a locker is opened containing a replacement garment in the 
bank of lockers shown to the right. Currently the chute antenna only exists as a HF 
system as this is the tag type that is used in the garment rental/laundry sector. The 
relatively low broadcast distance of HF tags is a benefit in this application as it 
prevents misreading of tags outside the machine.  
 
HF Chute Trial: The HF chute apparatus (Figure 3.14) was tested with tagged packs 
of toothbrushes passed through the chute, the results of which are shown in Table 
3.10. Twelve tagged samples were passed through the chute to represent a free fall 
situation and the experiment was repeated 15 times to ensure robustness of data. The 
tests were carried out using the tooth brush samples as they were the only lightweight 
samples suitable for use in the chute, which was designed for lightweight garments 
and may have been damaged by the use of heavy packed items.  
 
 
Figure 3.14: HF Chute Antenna 
 
3.2.2.4 Speed Trials 
 
The speed trials are proposed as a practical test of the ability of HF and UHF tags to 
be read whilst the tagged article is moving on a conveyor and to investigate the 
influence of increasing speed on the reliability of the tag reading. 
 
The speed of the conveyor was used to assess the sensitivity of reading a set number 
of tags.  With the speed controller for the conveyor calibrated from 1 to 200 mm/s
-1
 
and the conveyor operating at both the maximum speed and at a speed reduced to the 
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point where 100% read efficiency was reached, the trials were carried out, using HF 
and UHF read capability, with the samples passed through the tunnel in forward and 
reverse motion for 50 cycles. The HF results and UHF results are shown in Tables 
3.11 and 3.12 respectively. 
 
The aseptic filled cartons were excluded from this trial as the aluminium foil in the 
laminate prevents the tag being read. Some work was carried out to enhance the 
antenna with the addition of conductive thread; however it failed to overcome the 
shielding caused by the aluminium foil in the laminate. To achieve a reading on this 
type of material an inert spacer is required to separate the tag from the pack.  
 
3.3  Results and Discussion 
 
The experimental trials were designed to: (i) establish read distance with tag parallel 
and perpendicular to the antenna; (ii) investigate impact of conveyor speed on results; 
(iii) demonstrate the potential for use of inventory wands in waste management 
applications; (iv) demonstrate the potential for use of a chute reader for material 
recovery; and (v) demonstrate the potential for use of a portal reader in waste 
management applications.  The results are presented in Tables 3.3 to 3.12. 
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* Tag orientation to antenna 
Table 3.3:  Results for HF Distance Reading Trial 
HF Tag Reading Distance    
Tag type C370 A HF chip and antenna assembly, laminated in a self adhesive label    
Antenna Aero-LB A point of sale antenna tuned for HF applications, presented as a counter top unit    
Reader L400-2 A HF encoder/decoder unit for broadcast and receipt of data    
Power level 1W The broadcast transmission power used for the experimentation    
Tag protocol ISO15693 The standard used for data handling between tag and reader    
           
Product type 
Toothpaste 
pump 
dispenser 
PET 
Mouthwash 
Large 
Tooth 
brushes Horlicks Ribena PET 
Ribena 
S/brick 
Ribena 
L/brick 
Toothpaste 
aerosol 
Toothpaste 
aerosol/ 
Tag on Cap 
Toothpaste 
aerosol/ 
Button Tag 
on Actuator 
Reading distance 
perpendicular* 16cm 14cm 17cm 16cm 11cm Fail Fail Fail 16cm 3cm 
Reading distance 
parallel* 22cm 15cm 21cm 22cm 10cm Fail Fail Fail 22cm 8cm 
 
Pack material and 
contents 
considerations 
 
 
None 
 
 
 
 
Slight 
shielding 
from 
conducting 
liquid 
None 
 
 
 
 
None 
 
 
 
 
Slight 
shielding 
from 
conducting 
liquid 
Shielding 
from 
conducting 
liquid  
 
Shielding 
from 
conducting 
liquid  
 
Aluminium 
body and 
plastic 
actuator/ cap 
 
 
 
 
Aluminium, 
body of can in 
close 
proximity 
 
Aluminium  
can body/  
plastic 
actuator 
  
 
Packaging design 
considerations 
 
None 
 
 
None 
 
 
None 
 
 
Curved 
waist on 
jar 
None 
 
 
Aluminium  
foil in carton 
laminate 
Aluminium 
foil in carton 
laminate 
Tag applied 
to  can  
 
Tight curve 
on cap 
 
Aluminium  
body shields 
signal 
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UHF Tag Reading Distance 
Tag type AK2-7132 A UHF chip and antenna assembly, laminated in a self adhesive label  
Antenna POS - SRU 400 System A point of sale antenna tuned for UHF applications, presented as a counter top unit  
Reader Sirit 510 A UHF encoder/decoder unit for broadcast and receipt of data  
Power level 
 
2500 milliwatt 
(ETSI Norm Frequency) The broadcast transmission power used for the experimentation (European Standard)  
Tag protocol EPC Class 1 Gen2 The standard used for data handling between tag and reader  
     
Product type 
Toothpaste 
pump 
dispenser 
PET 
Mouthwash 
Large 
Tooth 
brushes Horlicks 
Ribena 
PET 
Ribena 
S/brick 
Ribena 
L/brick 
Toothpaste 
aerosol 
Toothpaste 
aerosol/ 
Tag on Cap 
Reading 
distance 
perpendicular 6cm 1cm 50cm 11cm 5cm Fail Fail Fail 3cm 
Reading 
distance parallel 9cm 2cm 40cm 30cm 3cm Fail Fail Fail 2cm 
Pack material 
and contents 
considerations 
Water in paste 
reduces read 
distance 
Conductive 
liquid 
contents None None 
Conductive 
liquid 
contents 
Shielding 
from foil & 
conducting 
liquid 
Shielding 
from foil & 
conducting 
liquid 
Shielding 
from 
aluminium 
can body 
Aluminium 
can body 
Packaging 
design 
considerations None None None 
Waist on 
pack None 
Aluminium  
foil in 
carton 
laminate 
Aluminium 
foil in 
carton 
laminate 
Tag applied 
to can 
 
Tight curve 
on cap 
 
Table 3.4 Results for UHF Tag Distance Reading Trial 
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Inventory Wand HF 
Tag C370 A HF chip and antenna assembly, laminated in a self adhesive label 
Antenna 
 
Inventory Wand 
 
A paddle antenna tuned for HF applications, presented as a handle and 
flexible blade containing the antenna coil 
Reader Inventory Wand A portable HF encoder/decoder unit for broadcast and receipt of data 
Power 1W The broadcast transmission power used for the experimentation 
Protocol ISO15693 The standard used for data handling between tag and reader 
      
Run Number Toothpaste pump dispenser Toothpaste aerosol Tooth brushes PET Mouthwash Large 
1 Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 
2 Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 
3 Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 
4 Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 
5 Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 
 
Table 3.5:  Results of HF Inventory Wand to Simulate Manual Scanning of Bin Contents 
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UHF Inventory Wand - Bin Simulation        
Tag type Trak AK3-7132C A UHF chip and antenna assembly, laminated in a self adhesive label 
Antenna 
 
Tagsys Inventory Antenna 
 
A paddle antenna tuned for UHF applications, presented as a handle 
and semi-flexible blade containing the antenna coil 
Reader Inventory Wand Portable Module A portable UHF encoder/decoder unit for broadcast and receipt of data 
Power level 
 
3200/3000cdbm 
 
The broadcast transmission power used for the experimentation (North 
American and European Standards) 
Tag protocol EPC Class 1 Gen2 The standard used for data handling between tag and reader 
      
Product type/ 
Region Read Power 
Toothpaste pump 
dispenser 
Toothpaste aerosol/ 
Tag on Cap Tooth brushes PET Mouthwash Large Read Rate % 
North America 3200cdbm Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
North America 3200cdbm Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
North America 3200cdbm Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
Europe 3000cdbm Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
Europe 3000cdbm Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
Europe 3000cdbm Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
 
Table 3.6:  Results for UHF Inventory Wand to Simulate Manual Scanning of Bin Contents 
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HF Tunnel Reader MRF Belt Simulation Trial 
Tag type C370 
 
A HF chip and antenna assembly, laminated in a self adhesive label 
Antenna HF-Tunnel 
 
A tunnel antenna tuned for HF applications, mounted around a conveyor belt 
Reader L400-2 
 
A HF encoder/decoder unit for broadcast and receipt of data 
Power level 1W 
 
The broadcast transmission power used for the experimentation 
Tag protocol ISO15693 
 
The standard used for data handling between tag and reader 
       
Run Product type 
Toothpaste pump 
dispenser 
Toothpaste aerosol/ 
Tag on Cap Tooth brushes 
PET 
Mouthwash 
Large 
Read Rate 
% 
1 Random Mix Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
2 Aerosol Wall* Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
3 Aerosol Wall + Foil* Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
Note: Testing was carried out at minimum belt speed to achieve 100% read rate, faster speeds resulted in occasional missed tags and 
overall read rate of around 97%. 
 
Table 3.7:  Results for HF Simulation of Material on a MRF Conveyor 
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UHF Tunnel Reader MRF Belt Simulation Trial 
Tag type Trak AK3-7132C 
 
A UHF chip and antenna assembly, laminated in a self adhesive label 
Antenna Tagsys Patch Antenna 
 
A tunnel antenna tuned for UHF applications, mounted around a conveyor belt 
Reader Sirit510 
 
A UHF encoder/decoder unit for broadcast and receipt of data 
Power level 30dbm 
 
The broadcast transmission power used for the experimentation 
Tag protocol EPC Class 1 Gen2 
 
The standard used for data handling between tag and reader 
        
        
Run Product type/ 
Conveyor 
Speed 
Toothpaste pump 
dispenser 
Toothpaste 
aerosol/ 
Tag on Cap Tooth brushes 
PET 
Mouthwash 
Large 
Read 
Rate % 
1 Random Mix 200 Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
2 Aerosol Wall 200 Pass, 6 read Pass, 6 read Pass, 12 read Pass, 6 read 100 
3 Aerosol Wall + Foil 200 Pass, 6 read Pass, 6 read Pass, 12 read  Pass, 6 read 100 
 
Table 3.8:  Results for UHF Simulation of Material on a MRF Conveyor 
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UHF Portal - Collection Vehicle Simulation 
Tag type Trak AK3-7132C A UHF chip and antenna assembly, laminated in a self adhesive label 
Antenna Tagsys Portal Antenna Coil antennae tuned for UHF applications, mounted around a doorway* 
Reader Sirit510 A UHF encoder/decoder unit for broadcast and receipt of data 
Power level 30dbm The broadcast transmission power used for the experimentation 
Tag protocol EPC Class 1 Gen2 The standard used for data handling between tag and reader 
       
Run Number 
Toothpaste 
pump 
dispenser 
Toothpaste 
aerosol/ 
Tag on Cap 
Tooth 
brushes Horlicks Ribena PET PET Mouthwash Large 
1 Pass Pass Pass Pass Fail Fail 
2 Pass Pass Pass Pass Fail Fail 
3 Pass Pass Pass Pass Pass Fail 
* The coil antennae were mounted on each side of the doorway, top and bottom mounting is also possible 
Table 3.9: Results for UHF Portal Reader 
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HF Chute Reader 
HF Tag type C370 A HF chip and antenna assembly, laminated in a self adhesive label 
Antenna Chute Tunnel A tunnel antenna tuned for HF applications, presented as a gravity drop unit 
Reader L400-2 A HF encoder/decoder unit for broadcast and receipt of data 
Power level 1W The broadcast transmission power used for the experimentation 
Tag protocol ISO15693 The standard used for data handling between tag and reader 
   
Repetitions Toothbrushes  
1 12 Pass  
2 12 Pass  
3 12 Pass  
4 12 Pass  
5 12 Pass  
6 12 Pass  
7 12 Pass  
8 12 Pass  
9 12 Pass  
10 12 Pass  
11 12 Pass  
12 12 Pass  
13 12 Pass  
14 12 Pass  
15 12 Pass  
   
   
Table: 3.10 Read Efficiency for HF Chute Reader 
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HF Tunnel Speed Trial       
Tag type C370 A HF chip and antenna assembly, laminated in a self adhesive label 
Antenna HF-Tunnel A tunnel antenna tuned for HF applications, mounted around a conveyor belt 
Reader L400-2 A HF encoder/decoder unit for broadcast and receipt of data 
Power level 1W The broadcast transmission power used for the experimentation 
Tag protocol ISO15693 The standard used for data handling between tag and reader 
   
Product type/Speed 
Toothpaste pump 
dispenser 
Toothpaste 
aerosol/ 
Tag on Cap 
Tooth 
brushes Horlicks 
Ribena 
PET 
PET Mouthwash 
Large 
40 N/T N/T Pass N/T N/T N/T 
60 Pass N/T Fail N/T N/T Pass 
70 N/T N/T Fail N/T N/T Pass 
80 N/T N/T Fail N/T N/T Pass 
90 N/T N/T Fail N/T N/T Pass 
100 Pass N/T Fail N/T N/T Pass 
130 Pass N/T N/T N/T N/T Pass 
140 N/T N/T N/T N/T N/T Pass 
150 N/T N/T Fail N/T N/T N/T 
160 N/T N/T N/T N/T N/T Pass 
180 N/T N/T N/T N/T N/T Pass 
200 Pass Pass Fail Pass Pass Pass 
Note: N/T = Not tested. 
Table 3.11:  HF Tunnel Speed Trial Results 
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UHF Tunnel Speed Trial      
Tag type Trak AK3-7132C A UHF chip and antenna assembly, laminated in a self adhesive label 
Antenna Tagsys Patch Antenna A tunnel antenna tuned for UHF applications, mounted around a conveyor belt 
Reader Sirit510 A UHF encoder/decoder unit for broadcast and receipt of data 
Power level 30dbm The broadcast transmission power used for the experimentation 
Tag protocol EPC Class 1 Gen2 The standard used for data handling between tag and reader 
    
Product type/ Speed 
Toothpaste 
pump 
dispenser 
Toothpaste 
aerosol/ 
Tag on Cap 
Tooth 
brushes Horlicks Ribena PET PET Mouthwash Large 
70 Fail N/T Pass N/T N/T N/T 
100 Fail N/T N/T N/T N/T N/T 
200 Fail Pass Pass Pass Pass Pass 
Note: N/T = Not tested. 
Table 3.12: UHF Tunnel Speed Trial Results 
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Distance Reading HF 
 
The test provides comparative data between products and can be used as a screening test 
to determine the suitability of a packed product for tagging. 
 
The results of the tests show the perpendicular readings to be generally slightly lower 
than the parallel readings for the samples (Table 3.3).  This is explained in terms of the 
surface area of the tag antenna presented to the reader antenna: in parallel orientation the 
maximum surface is available whilst in perpendicular orientation only the edge of the 
antenna is exposed to receive and transmit data, thus reducing efficiency. The toothpaste 
pump dispenser, tooth brushes, Horlicks powder, mouthwash and aerosol “with tag on 
cap” all delivered a stable tag reading to the stated distance, indicating that all the 
products would be suitable candidates for tagging with HF tags in a commercial setting. 
The strongest tag readings were recorded for the toothpaste pump dispenser and the 
aerosol “with tag on cap”. The aerosol could also be read with the tag fixed to the 
actuator although, at reduced read distance due to the signal shielding from the 
aluminium can body.  
 
The large and small Ribena brick packs and the aerosol “with tag on can” could not be 
read due to the shielding provided by the aluminium foil in the brick pack laminate and 
the aluminium in the can body.  To achieve reliable reading on these types of pack it is 
necessary to introduce a spacer to separate the tag from the shielding media. Tagsys, the 
tag supplier, indicated that such spacers have been used in higher value applications but 
would not be cost effective on relatively low cost products like the brick packs but where 
pack design presents a natural separation such as adding a tag to the actuator of an 
aerosol, HF remains a viable option.  In the current research, use of spacer units could not 
be trialled because they are a custom fabrication and to apply a spacer tag assembly to the 
pack would require: (i) a 10-fold increase in cost of goods (according to Tagsys) and (ii) 
a significant capital expenditure to modify the production line with a robotic applicator, 
such that the tag would be the most expensive component of the product.  
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Table 3.3 includes comments regarding considerations with respect to packaging 
materials and contents, along with design features of the pack that could influence results. 
For two product packs, the Horlicks jar and the aerosol “with tag on cap”, reference is 
made to curvature which may have an impact on long term reliability of measurements. 
In the case of the Horlicks jar the convex waist on the jar creates a void behind the tag 
which could lead to damage of the antenna or chip the contacts over time due to lack of 
support, whilst the diameter of the aerosol cap created a significant bend in the tag which 
could lead to stressing of the contacts in the tag assembly and thus lead to longer term 
reliability issues.  
 
Distance Reading UHF 
 
The test provides comparative data between products and can be used as a screening test 
to determine the suitability of a packed product for tagging. 
 
The results on tag orientation do not appear to follow the general rule that the greatest 
signal strength is achieved when the tag and reader are parallel (Table 3.4).  This may be 
due to signal reflection. 
 
The toothbrushes and the Horlicks powder were the best performing products due to their 
absence of water and could therefore be considered good commercial propositions. The 
toothpaste pump dispenser, Ribena and Mouthwash in PET bottles and the aerosol “with 
tag on cap” were readable albeit at reduced distances. The Ribena brick packs and the 
aerosol “with tag on can”, however, could not be read. The combination of aqueous 
contents and aluminium in the packs provides an insurmountable barrier to the signal at 
the strength normally used in commercial applications. Therefore, to base results on 
distance reading UHF would not be a sensible choice for the majority of products under 
test, however it may still be a viable proposition for waste management applications as 
shielding from aqueous contents would cease to be an issue.  
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Table 3.4 cites considerations related to pack materials, contents and design, in particular 
curvature liquid content of products and metals in pack construction as being issues of 
concern with respect to performance. 
 
HF Inventory Wand to Simulate Manual Scanning of Bin Contents 
 
This is considered a pass/fail test as all tags must be read to achieve a pass. 
 
The results in Table 3.5 record the number of tags under test and successfully read. The 
criterion of 100% pass was set to meet the requirements for RFID tagging. 
 
The results indicate that HF tagging is an option for manual identification of material in a 
bin or sack. 100% reading of tags was achieved in the sample tray; however the speed of 
reading was slower than would be considered ideal, with the longest run taking two 
minutes to read all tags by passing the wand through the bed of material. Each trial was 
subjected to 5 repetitions to confirm the reliability of tag reading and the potential for 
material recovery applications such that the methodology could be applied on a manual 
sorting line in a MRF to deliver greater accuracy of identification. 
 
UHF Inventory Wand to Simulate Manual Scanning of Bin Contents 
 
This is considered a pass/fail test as all tags must be read to achieve a pass. 
 
The results in Table 3.6 record the number of tags under test and successfully. The 
criterion of 100% pass was set to meet the requirements for RFID tagging. 
 
The results indicate that UHF tagging would be a preferred option for manual 
identification of material in a bin or sack due to 100% read capability coupled with the 
speed of reading. Read rates were very high and penetration into the bulk was very good, 
with all 30 tags being read within a few seconds, which would make the technique an 
obvious choice for scanning at the rear of a collection vehicle or upon receipt at a MRF 
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where the technique could be used to pre-screen for recovery of target materials. The 
technique is also subject to operator influence as a manual technique. Trials carried out in 
triplicate at European and North American broadcast powers gave very fast tag readings 
indicating an exceptionally strong signal for data exchange.   
 
HF Simulation of Material on a MRF Conveyor 
 
This is considered a pass/fail test as all tags must be read to achieve a pass, however 
slowing of speed was allowed to demonstrate how multiple low strength tag signal 
reading can be influenced by dwell time under the antenna.  
 
The results in Table 3.7 record the number of tags under test and successfully. The 
criterion of 100% pass was set to meet the requirements for RFID tagging 
 
The test was completed successfully for each level of shielding; however this could only 
be achieved at the lowest belt speed as at higher speeds some tags were missed. A 
potential solution is if waste is presented as a singularised stream passing in front of a 
reader the issue of signal saturation from multiple tags may be eliminated. Greater 
throughput could be achieved with multiple stream and reader lines.  
 
The conclusion is that HF is a poor choice where high conveyor speeds are required such 
as those normally found in a MRF.  
 
UHF Simulation of Material on a MRF Conveyor 
 
This is considered a pass/fail test as all tags must be read to achieve a pass. 
 
The results in Table 3.8 record the number of tags under test and successfully. The 
criterion of 100% pass was set to meet the requirements for RFID tagging 
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The test was completed successfully for each level of shielding, with no evidence of 
reduced performance as shielding was increased. A logical conclusion is that UHF makes 
an excellent choice for a tunnel reading system. The UHF tunnel conveyor makes use of 
signal reflection to achieve fast and accurate read rates in a dense matrix of product, thus 
delivering greater speed compared with that of a similar HF unit. 
 
UHF Portal Reader as Collection Vehicle Simulation 
 
This is considered a pass/fail test as all tags must be read to achieve a pass. 
 
The results in Table 3.9 record the read success or fail of the samples under test with the 
criterion of 100% pass being applied.  
 
The results indicate that the use of a UHF portal reader is a viable proposition for low 
liquid content products.  Products such as blackcurrant drink and mouthwash, with high 
liquid content, failed to give a reading because of the shielding effect of the liquid but 
readings were recorded for dry or low liquid content products. The Ribena PET sample 
did not achieve a read for two cycles of testing but for the third cycle a read was achieved 
indicating that the shielding effect of the liquid might place the tag at the limit of 
detection and therefore it would not be an acceptable commercial proposition. It is 
important, however, to note that in waste management applications the packaging is 
likely to be empty of product and that the tags should be easily read but the upstream 
logistics and retail activities would not derive a benefit. 
 
HF Chute Reader 
 
This is considered a pass/fail test as all tags must be read to achieve a pass. 
 
The results in Table 3.10 record a pass for each of the 15 repetitions with all 12 tagged 
samples being read in a free fall situation.  
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The chute reader is a very simple presentation of a RFID system and an obvious 
candidate for use in waste management applications. The real potential is in the creation 
of an intelligent bin that can split material into pre-sorted streams; this presentation offers 
a significant opportunity to be used in the design of reverse vending machines to provide 
a low cost machine that delivers great efficiency. The chute reader could be designed to 
have both HF and UHF read capability and logically could be scaled up from a reverse 
vending presentation to a unit to be fitted in line in a MRF to deal with a singularized 
stream of material.   
 
The trials used the toothbrushes as the lightest samples since the equipment is designed 
for use with lightweight garments. Discussion with the manufacturer indicated that a 
more robust unit could be fabricated for use with waste packaging, therefore the chute 
reader would appear to be worthy of further investigation for waste management 
applications.  
 
HF Tunnel Speed Trial 
 
This is considered a pass/fail test as all tags must be read to achieve a pass. 
 
The results in Table 3.11 record the readings for 24 tagged samples of each product 
applying the 100% pass criterion test.  
 
The trial yielded mixed results with the majority of products being read at maximum 
speed, however it is notable that the toothbrushes failed to be read at this speed due to the 
close packing of the tags on the cartons. A pass was achieved for the toothbrushes but 
only when the speed had been reduced to the minimum setting on the conveyor.  
 
UHF Tunnel Speed Trial 
 
This is considered a pass/fail test as all tags must be read to achieve a pass. 
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The results in Table 3.12 record the readings for 24 tagged samples of each product, at 3 
speeds, applying the 100% pass criterion test.   
 
The majority of samples passed the test at maximum speed however the toothpaste pump 
dispensers did not give a reliable read, even at greatly reduced conveyor speed, due to 
shielding from the contents.  
 
3.4  Summary 
  
A programme of experimentation was carried demonstrating that RFID technology has 
the potential for use in material recovery applications. HF and UHF tagging technology 
both have a place in identification and to some degree are chosen for other functions 
higher up the supply chain; therefore it is likely that resource recovery operations may 
need to deploy both HF and UHF readers in material recovery facilities. 
 
The choice of HF or UHF tags and readers is influenced by the product being tagged, 
with high liquid levels and presence of metals in the packaging influencing the choice of 
tag and reading system. The starting point for exploration of RFID technology within the 
project, however, was to identify plastics specifically to improve on current identification 
systems. In this respect the results of the trials are encouraging and indicate that both HF 
and UHF technology could be successfully used in identification systems for plastic 
packaging. 
 
There appears to be an opportunity to incorporate RFID technology into reverse vending 
machines as a method of identifying materials. Currently large recycling centres based on 
reverse vending machines use a number of different technologies to identify materials 
such as: image analysis; NIR scanning; magnetic/eddy current separators; and barcode 
readers.  Some of these techniques are very expensive technologies and replacement with 
a RFID system to identify material from the unique pack code carried on the pack is 
attractive in terms of initial cost of the installation and simplicity for servicing of the 
equipment. 
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A limitation of RFID technology is the potential for some products and packs to shield 
the signal; therefore a design solution is required to separate the tag from the shielding 
agent. Where the product is the shielding agent it is reasonable to make the assumption 
that an empty pack would not have significant shielding properties. Where the pack itself 
contains a shielding agent and a spacer has been used to separate the tag from the pack, 
however, consideration must be given to how the pack may behave at end of life and 
likely treatment by the consumer e.g. an aerosol can with the tag fitted to the actuator can 
be identified to the point at which the actuator is removed; therefore it is desirable that 
the actuator is not easily removed by the consumer. Such design considerations become 
part of an eco-design brief to ensure that products and packaging are designed to be 
identifiable for maximum recovery and recycle opportunity. 
 
The brick packs highlight the issue of foil in packaging structures acting as a shielding 
agent and how metallic packaging in general presents some technical challenges for 
RFID regarding design to overcome shielding. There is a need for a low cost tag that 
incorporates a spacer to reduce shielding effects. Placing the tag on the aerosol cap can 
provide a solution to shielding from the aluminium can body, therefore product designers 
will need to consider tag placement on products as part of the product design brief. 
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Chapter 4 Method for the Capture of Healthcare Packaging 
Materials to Optimise Recycle – Reverse Vending 
 
 
4.1 Background 
 
Of all packaging materials used in healthcare products, the most significant material is 
polyethylene terephthalate (PET).  According to Plastics Europe, in 2008 in excess of 5 
million tonnes of PET was used in packaging applications (Plastics Europe, 2009).  PET, 
a strong and lightweight form of clear polyester, is used extensively in the packaging 
industry in the manufacture of containers for soft drinks, juices, alcoholic drinks, water, 
edible oils, personal care products, household cleaners and other food and non-food 
applications.    
 
Although much of the PET used in soft drink packaging is lost to the post consumer 
waste (PCW) stream, where it is mixed with other waste prior to separation, incineration 
or landfill, the polymer material has the potential to undergo further processing cycles 
before any perceptible degradation occurs. This presents an opportunity to recover the 
polymer material from the PCW stream for recycling into rPET (recovered polyethylene 
terephthalate).   
 
Within the industry, the recycle and reuse potential of plastics is under-developed and 
represents an area capable of significant growth provided a pure stream of the plastic can 
be captured.  
 
In this chapter current methods of post-consumer PET recycling are discussed and 
opportunities for alternative methods of capture are considered. 
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4.2 Post-Consumer PET Recycling 
 
In this section the drivers for PET recycling, the current practice of collection, handling 
and treatment and the end-use markets for recycled PET (rPET) are considered, 
 
 4.2.1  Drivers for PET Recycling 
 
The market, economic and social drivers for PET recycling are discussed briefly, under 
the three headings: 
 
Market Drivers: Christofides (1997) made an important observation that: “The virgin 
plastic material must be more expensive than the recycled product if the recycling effort 
is to be fulfilled”.  An attractive quality of PET is its potential to be fully recyclable. 
Based on data from GSK, it is estimated that the mainstream UK soft beverage market is 
using approximately 3 billion single portion PET beverage containers each year. The 
process used in their manufacture qualifies the capture of PET for its reuse (as recycled 
PET) in the manufacture of new beverage containers at inclusion rates up to 100%. Due 
to the increased demand from other manufacturers, however, only 20-30% was managed 
in GSK in 2006, with the majority of rPET material used by GSK being provided by the 
Amcor facility in Beaune, France (Personal communication, K.Marriage, 2007 & 2010).       
 
Economic Drivers: Landfill is still the predominant waste management option, however, 
the main problem of landfill disposal is the increasing lack of available space and suitable 
sites for future development. Plastic bottles have a low bulk density and take up a 
disproportionate volume.  Approximately 20,000 plastic bottles is equivalent to one tonne 
and this has a significant effect on the annual landfill usage. In order to address this, 
Government introduced recycling targets to encourage local councils to reduce the 
amount of waste being sent to landfill. The increase of landfill tax to £48 per tonne in 
April 2010 makes plastic bottle recycling, with a cost-effective collection, sorting and 
reprocessing infrastructure essential to meet landfill reduction targets.  
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Social Drivers: When considering the recycling rate it needs to be recognised that the rate 
is influenced by the effort required in sorting, separating and washing of post consumer 
packaging and the extent to which these processes are automated.  According to US 
National Association for PET Container Resources (NAPCOR, 2005), PET bottle 
collection volumes can be significantly increased by the installation of automatic sorting 
units at material recycling facilities (MRFs) where PET bottles can be automatically 
identified and removed from commingled container streams. 
 
In summary, the market and economic drivers will eventually help the recycled polymer 
to replace a proportion of the virgin material, thus saving oil and other resources and 
maturing the market for recycled material; with the development and implementation of 
new recycling schemes, the cost of recycling is reducing while the value of recyclate is 
increasing and more work opportunities are created thereby yielding both societal and 
economic aspects of sustainable development.  
 
4.2.2  Methods of Collection 
 
In the field of solid waste management, significant progress has been made in reducing 
waste and increasing the quantities being recycled (WRAP, 2009). The recycling of PET 
plastic bottles has grown appreciably in recent years; PETCORE, a pan European trade 
association that fosters the collection and recycling of PET, reported that in Europe, PET 
bottle collection is growing steadily and in early 2010 announced that European post-
sorting PET collection reached 1.26m tonnes in 2008 (an increase of more than 11% on 
2007) and that the overall collection rate rose by nearly 5%, from over 41% to 46% of all 
PET bottles on the market.  
 
The reported increases in collection were mostly in the form of mixed plastic through 
existing collection schemes in place, e.g.: kerbside collection, drop-off schemes and 
deposit–refund, which are discussed as follows: 
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Kerbside Collection: This collection system requires that citizens separate recyclable 
materials such as plastics, cans, glass, from their other household refuse, by putting them 
in a dedicated recyclables bin (Figure 4.1). They are then collected from households, in a 
manner similar to traditional refuse collection. Typically, 40-60% of targeted recyclables 
are returned through this type of collection. According to Defra, in 2006 94% of UK 
households received a doorstep or kerbside collection service from their local council for 
recyclable materials, 47% of which included plastic bottle recycling collections. As 
household collection rates improve it is important to target other plastic bottle sources 
such as out of home consumption.  Kerbside collection has increased recycling levels by 
making it easier for households and for recycling services as it offers the advantage of a 
low degree of material contamination. Furthermore, since a wide range of recyclables are 
included in this type of collection, overall costs can be reduced quite significantly. The 
most recent publication of statistics from Defra record that the national average 
household recycling rate has risen to 38.3% and that the quantity of waste, per capita, not 
being recycled has reduced to 289kg per annum (DEFRA, 2010). 
 
 
 
Figure 4.1: Kerbside collection bins (DEFRA, 2010) 
 
 
Individual households exhibit variation in their recycling performance. The success of 
any kerbside scheme is dependent on the adoption of an appropriate system with 
adequate investment in promotion that is tailored to the particular locality (Lyas et al, 
2004). In the UK, to help increase recycling rates, the concept of “RFID tagged bins” has 
been introduced, which includes alternate weekly collections (AWCs) and differential 
charging for waste. Over one third of local authorities have moved to AWCs for 
recyclable and non-recyclable materials. The evidence suggests that AWCs have 
contributed to the growth of plastic bottle recycling facilities. Of the 20 top performing 
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councils for recycling in England, 16 have AWCs, and, in a research report for work 
funded by Defra reference is made to the fact that up to 13% waste reductions can be 
achieved by moving to AWCs (Defra, 2009). 
 
 The strategy for the use of “wheelie” bins, carrying RFID tags, has been adopted in some 
European countries and North America where householders are charged for the amount 
of non-recyclable waste they produce in an effort to encourage a reduction in the reliance 
on disposal. In the UK RFID technology has only been used to help local authorities 
collect data to assess their recycling schemes, although the technology has the potential 
for the implementation of a differential charging mechanism, which, as evidenced in 
other countries, has led to a boost in recycling and reduction in overall waste (Defra, 
2006 & 2009).  A compelling case for the adoption of a Charge by Weight (CbW) 
scheme was made in a report published by Defra in 2008, in which the types of scheme, 
incentive structure and overall financial implications were discussed (Defra, 2008).   
 
The UK has not managed the communication of RFID tagging well, which has resulted in 
a great deal of public mistrust and a general perception of “Big Brother” watching the 
household bin. In some areas it has resulted in vigilante action of unauthorised removal 
of the tag capsule from the bin rim. 
 
Drop-off Schemes: Drop-off, or bring schemes require citizens to collect their recyclables 
and dispose of them in specified containers provided at locations (See Figure 4.2), 
serving as intermediaries between the householders and the potential users of the 
recyclables. Usually, about 10 to 15% of recyclables are recovered through this method. 
Throughout Europe, access for the public to drop-off or bring schemes, are such that Italy 
has in excess of 24,500 sites, Switzerland 12,000, France over 5,000, and according to the 
UK Household Plastics Packaging survey by RECOUP, the UK had 7,000 operational 
sites by the end of 2009 (Recoup, 2009).  In another study WRAP, in association with 
Sainsbury plc and Tesco plc, trialled the viability of introducing the Front of Store 
Recycling at supermarkets in the UK as a means of increasing the capture of recyclable 
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materials.  As part of the study the use of incentives was tested and found to encourage 
the engagement of consumers in recycling (WRAP, 2008).  
 
Deposit–Refund System: The deposit–refund system requires bottles to be sold with 
refundable deposits which are paid by consumers to promote return and reuse of 
packaging. Deposits, which are redeemable upon return of the bottle to a participating 
retailer, may be charged on both refillable and single-use PET bottles. 
 
 
Figure 4.2: Plastic bottle bank, City+ (courtesy Valpak) 
 
 
This approach is most common in the US, Netherlands, Germany, Switzerland and 
Austria. For example, in the US, 10 states have passed „bottle-bills‟ which set up a 
system of deposit–refunds for beverage containers. According to the US Container 
Recycling Institute, beverage container recycling rates are far higher (72% on average by 
weight) in states with bottle bills than those without (28% recycling rate) (Bottle Bill, 
2005). In Germany, deposit schemes became popular in the 1950's and were aimed at 
reducing costs for companies by producing less bottles and also to reduce the amount of 
glass in the waste stream. The scheme requires retailers to take a deposit for beer or soft 
drink bottles; with deposit paid at point of sale and this deposit covers containers of all 
materials, and products that have domestic or imported origins. Levels range from 25 
eurocents on small containers to 50 eurocents on bottles larger than 1.5 litres. As 
containers are to be returned to the point of sale, proof that the deposit has been paid is 
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required (customers need to retain their receipt, or are provided with a token).  
Companies that do not comply, face the possibility of legal action and fines (RRF, 2003). 
As recently as April 2010 the government of Fiji, where the annual consumption is 50 
million containers, announced the creation of a deposit system for soft drink containers to 
encourage diversion from landfill, avoid littering and promote recycling (Bottle Bill, 
2010). 
 
4.2.3. Handling and Treatment 
 
Aspects of handling and treatment are discussed in the context of sorting and recovery 
and reprocessing methods. 
 
Sorting: Collected bottles are initially sorted by material such as PET, HDPE, low-
density polyethylene (LDPE) and PVC, etc. Bottles collected through a deposit scheme 
are sorted at the retail site. This can be done either manually or by sophisticated reverse 
vending machines. Bottles coming from drop-off or kerbside collection schemes are 
taken to local sorting centres where operators hand pick PET bottles from a sorting line 
using simple features to identify the material. UK research reports manual sort rates of up 
to 100kg per hour for each operator.  
 
Currently high speed X-ray and infra-red sensors linked to an ejection system are 
increasingly used to accelerate sorting and reduce costs. Independent research carried out 
by the US Environmental Protection Agency reveals that automated systems can help 
save about 25% of costs. Automatic bottle sorting systems are currently operating in 
France, Germany, UK, Italy and Switzerland. Typically these installations are capable of 
handling in excess of 1 tonne of material per hour. 
 
The separated PET bottles are then sorted by colour: transparent or uncoloured PET, blue 
and green coloured PET, and the remainder into a mixed colours fraction. The emergence 
of new colours (such as amber for plastic beer bottles) introduces further complication to 
the sorting process for the recycling industry.  
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The sorted post-consumer PET waste is crushed and pressed into bales or briquettes 
(Figure 4.3) to reduce volumes by up to a factor of 10 to ensure transport cost-
effectiveness; finally the bales are sold to converters for reprocessing. 
 
     
                                                                                                                   
Figure 4.3: Briquettes of compacted PET bottles 
(http://www.orwak.com/Products/Brickman/Material.aspx) 
 
 
Recovery and Reprocessing: There are two key steps in the integrated plastics recovery 
programme (Figure 4.4) viz. material recycling and energy recovery. Post-consumer PET 
bottles are mostly recovered in material recycling processes involving mechanical or 
feedstock recycling and then used as raw material, or mixed with virgin polymer resin, 
for further manufacture.  
 
Mechanical recycling refers to the processes which involve the melting, shredding or 
granulation of waste plastics after sorting. The post-consumer PET is either melted and 
moulded into a new item or shredded into small fragments (flakes of around 10mm 
diameter). Residues of the original content, shredded labels and plastic caps, contained in 
these fragments, are removed in a process of washing followed by drying with a flow of 
heated air; a process which results in pure PET flakes. The flakes are re-melted for use or 
blended with virgin polymer to manufacture a range of products that would otherwise be 
made of polyester.  
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The high quality, low contamination post-consumer PET beverage bottles, collected from 
"out of home" locations can be recovered by this process at relatively low cost, with the 
transparent post-consumer PET attracting higher resale prices compared to the blue and 
green fractions, with the mixed colour fraction being the least valuable.  
 
 
 
 
 
Figure 4.4 Integrated plastics recovery programme (Mader, 1996) 
 
 
Feedstock recycling involves the breakdown of PET into its constituent monomers 
(depolymerisation), followed by purification and repolymerisation to produce PET. The 
processes of chemical degradation of waste PET are primarily achieved through: (a) 
methanolysis, (b) glycolysis, (c) hydrolysis.  
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PET may be depolymerised to convert into dimethyl terephthalate and ethylene glycol by 
reacting the PET with methanol, under high pressure at around 200°C. Dimethyl 
terephthalate is purified by distillation and crystallisation to give a high quality 
intermediate, which may be used to produce new PET. The ethylene glycol, post refining, 
may be used for a variety of applications, including antifreeze and PET production. 
Methanolysis is the most important and the most commercially used chemical PET 
recycling process.  
 
b) Glycolysis  
PET may be depolymerised by glycolysis to give bis-(hydroxyethyl)-terephthalate, a 
substrate for PET synthesis or, by partial PET glycolysis depending on the process 
conditions, short chain polymers of just a few repeat units (oligomers) can be obtained. 
The bis-(hydroxyethyl)-terephthalate produced may be purified by melt filtration under 
pressure to remove physical impurities and treated with carbon to remove chemical 
impurities. 
 
c) Hydrolysis  
PET can be hydrolysed by treatment with water or steam, sulphuric acid or aqueous 
NaOH to give terephthalic acid (TPA) and ethylene glycol, which may be repolymerised 
following purification. PET hydrolysis is less well established, compared to methanolysis 
or glycolysis, in commercial operations. 
 
The equipment costs for feedstock recycling are high such that the process requires a 
large turnover of material to be economically viable. 
 
An alternative to material recycling is energy recovery. Whilst plastics can be placed into 
combustion plant to recover energy through the generation of steam and electricity, this 
strategy to eliminate the problem of accumulation of recyclable products is not 
recommended, but because of the high calorific value of packaging polymers the energy 
recovery route becomes a viable option where there are potentially high levels of 
contamination.  
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Table 4.1 summarises the method of choice for post-consumer PET recovery based on the 
level of purity of the consumed PET. 
  
 
Purity of 
consumed 
PET 
Example of feedstock Recovery process General 
economics of the 
process 
Process 
convenience 
High 
Refillable PET 
One way PET 
Re-melting Satisfactory Simple 
Medium 
Coloured PET 
Coated PET 
Chemical 
recovery of TPA 
and EG 
Increased costs 
Increased 
complexity 
Low 
Highly contaminated 
PET 
Energy recovery 
Well established  
costs 
Relatively  
convenient 
 
Table 4.1: PET recovery processes  
(PET Containers Recycling Europe) 
 
 
4.2.4 End User Markets for Recycled PET (rPET)  
 
The end use markets for recycled PET (rPET) have evolved and include fibre, sheet and 
film, blowmoulding, strapping and, food grade applications.  Table 4.2 provides a 
summary of these end-use markets, in terms of percentage market share and value added 
application. 
 
With regard to overall market share, PETCORE reported in early 2010 that the collection 
of PET had increased by 11% in the period 2007-08 and that the overall collection rate 
rose by nearly 5% in the period from 41% to 46% of all PET bottles on the market. In its 
report, the following observations were made: 
 
 The overall share of fibres as an end use exhibited a minor decrease from 47% 
to 45%, although the tonnage processed continued to show sustained growth;  
 The sheet and film market tonnage fell slightly to 22%;  
 The blowmoulding sector continued to show sustained growth with more than 
20% of material going to this application in 2008; and  
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 The tonnage used in strapping increased strongly in 2008 to 11% of the total 
available material.  
 
End Use 
Application 
Fibres Sheet & 
Film 
Blowmoulding Strapping Food Grade 
Applications 
 
Market 
share 
45% 22% 20% 11% 20% (some of 
this use is 
accounted in 
sheet, film & 
blowmoulding 
Value-
added 
applications 
Yarn, 
fabric, 
carpet and 
insulation 
Trays, 
clam 
shells, 
wrap, 
lidding 
Bottles, jars, 
ampoules, 
vials, 
Bale, case and 
Pallet straps. 
Bottles, jars, 
film, sheet 
Market 
flow 
Significant 
volume of 
PCW 
bottles 
transported 
to Asia for 
recycling 
Some local 
recycling 
with a 
volume of 
PCW 
transported 
to Asia for 
recycling 
Significant 
volume of 
PCW 
transported to 
Asia for 
recycling 
Some local 
recycling and 
remanufacture 
of strapping, 
mainly 
sourced from 
industry and 
retail 
operations. 
Predominantly 
local 
recycling and 
reuse. 
Material 
transported to 
Asia is not 
returned for 
reuse in major 
quantity as 
resin, but can 
return in 
finished goods 
 
Table 4.2 End-use applications of rPET 
 
In terms of end use, the application where the level of contamination presents the greatest 
challenge is in the use of rPET in food grade applications. It was not until December 
2004, with the introduction of the EU regulation (EC) No. 1935/2004 (Appendix D) 
permitting the use of recycled polymer in direct contact with food products, that the use 
of recycled materials and articles for food contact applications became an option. The 
regulation requires that any material or article intended to come into contact directly or 
indirectly with food must be sufficiently inert to preclude substances from being 
transferred to food in quantities large enough to endanger human health, or to bring about 
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an unacceptable change in the composition of the food or deterioration in its organoleptic 
properties.  
 
In the UK the EU regulation was implemented through The Plastic Materials and Articles 
in Contact with Food (England) (No.2) Regulations 2006, placing restrictions on the use 
of certain monomers and additives in food packaging plastics as well as setting specific 
migration limits, for monomers and additives used in plastics, relating to a maximum 
quantity of a defined monomer or additive that may be transferred to a food from which 
the plastic material or article may come into contact.  
 
Recycling and recovery processes for the manufacture of recycled PET as a final product, 
which is safe under the food legislation, must include processing steps that efficiently 
clean the plastic and eliminate substances which originate from the first use or possible 
misuse. Three methods commonly used for the production of food grade PET from 
recyclate include feedstock (or chemical recycling), multilayer processing and superclean 
(physical) recycling. 
 
WRAP, 2007, estimated demand for food-grade rPET to be around 60,000 tonnes a year 
in the UK. By the end of 2007, there was one plastic reprocessing plant converting 
35,000 tonnes of PET per annum to produce food-grade rPET, with the announcement in 
2008 for a second plant, in Deeside, to convert a further 50,000 tonnes per annum 
(Closed Loop Recycling, 2010). 
 
4.3 Reverse Vending Machine Technology 
 
4.3.1 Background  
 
The modern era of the vending machine dates back to 1880 in London where a coin-
operated machine to dispense post cards was introduced.  In its most basic form a 
vending machine can be considered as a device that will dispense a product upon 
payment and in the case of a reverse vending machine the situation is reversed such that, 
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upon deposit of a recognised product into the machine, a payment or reward is made to 
the depositor.  
 
A process flow of a typical reverse vending unit is shown in Figure 4.5. 
 
 
Figure 4.5 Process Flow for Reverse Vending Machine Operations 
 
4.3.2 Worldwide Application of RVM Technology  
 
The Reverse Vending worldwide market is centred mainly in North America, 
Scandinavia, Europe, Brazil, China and Japan.  
 
There are a number of established RVM manufacturers, including: Envipco (US), Hinam 
& MotionKorea (Korea), Repant (Finland), Tomra (Norway) and Wincor-Nixdorf 
Bottle placed into machine entry port. 
Rollers draw the bottle into machine and barcode is read. 
Bottle is passed onto roller compactor where the container is 
flattened and pierced to allow residual moisture to drain. 
Compacted bottle drops into storage bin. 
Barcode data is processed and reward calculated. 
User collects reward or donates the reward  
to a nominated charity via push button selection. 
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(Germany), with smaller manufacturers of RVM equipment in the design and testing 
phases. 
 
Notable examples of application include retailers e.g. Aldi (Figure 4.6) and Tesco that 
have experimented with in-store and car park-sited installations, and civic recycling 
schemes where reverse vending technology is being operated.  More recently schemes 
have launched in Australia, China and Greece. 
 
 
Figure 4.6 Reverse vending machine used by Aldi stores in Germany 
 
The use of reverse vending machines has been promoted where a “deposit paid” system 
for beverage containers exists as a financial incentive to recycle such as the Bottle-Bill 
states in Canada and US and EC states such as Belgium, Germany and Holland. A 
successful reverse vending scheme operates in Hong-Kong where recycling credits 
obtained, following deposit, can be added to an Octopus card (similar to London 
Transport‟s Oyster card), which has proved to be a good incentive to recycle and derive 
personal benefit. As part of a corporate social responsibility initiative, the machines 
(Figure 4.7), part-financed by Swire Coca-Cola HK Ltd, provide a model that may be 
applicable to other soft drink manufacturers. 
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Figure: 4.7  Reverse Vending Machine, Hong-Kong 
 Plastic Bottle Recycling Scheme 
 
In April 2009, Australia launched its first RV machine in a shopping mall, a model 
similar to that used for the trial work described in this research (Figure 4.8). 
 
 
Figure: 4.8 RV Machine at Metcentre Sydney 
 
In the absence of a financial incentive, however, there has been no drive for the use of 
RVM in recovery of target materials for recycling – a sector which has the potential for 
significant growth as local and regional government seek to divert material from landfill 
and contribute to sustainable management of materials. 
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4.3.3 Value-Add of RVM Technology in Material Recovery  
 
Recovery of material through a targeted bin requires sorting and removal of reject 
material at a MRF, whilst an uncontrolled bin introduces the potential for contamination 
thereby devaluing the material entering the recycle operation.  In contrast, the use of a 
reverse vending machine in material recovery can specifically identify a container and its 
material of construction such that reject materials are excluded from the target stream 
and, in so doing, a pure stream of material is delivered for recycle processes. 
 
Typically the identification process used in RV machines is based on single or multiple 
use of either the barcode reader, near-infrared (NIR) scan or image analysis techniques.  
An example of where multiple techniques is necessary is where machines refund cash or 
tokens and the use of a barcode reader alone is not enough but requires a secondary 
validation system to counter fraud. 
 
Deposits can be refunded through RVMs, sited at drop-off centres, configured as a bank 
of machines (Figure 4.9) and designed to automate the collection and identification of 
used beverage containers, issuing a refund receipt or money.  
 
 
 
    
 
Figure 4.9 Reverse vending machine bank (Recycling-Options, 2009) 
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4.4 Reverse Vending Trial 
 
Reverse Vending Machines (RVMs) represent a way to collect a valuable fraction of post 
consumer waste (PCW) prior to entry to a mixed waste stream.  
 
PET deposit programmes can achieve as high as 90% return rates. This collection system 
presents a very low level of contamination of the post-consumer PET. According to US 
studies, a combined output tax on both the final product and other inputs to production 
and recycling subsidy, often referred to as a deposit–refund, can provide incentives to 
recycle, and has the additional advantage that it delivers a reduction in littering (Palmer 
and Walls, 1997). 
 
With the core concept of focusing on PET recovery for reprocessing to rPET as a 
justification for trialling, the author, in partnership with Recoup, a plastics recycling 
charity, set up a project to develop a sustainable and transferable model for the collection 
of PET bottles at out of home locations. The benefits of this selective collection would 
allow (i) a higher proportion of PET bottle material to be diverted from landfill into 
recycling applications; and (ii) the opportunity for fast-tracked reprocessing of clean 
polymer thereby keeping the polymer in a local recyclate pool.   
 
4.4.1 Background to the Use of RVM in Recovery of Beverage Packaging Material 
 
There are a number of successful reverse vending schemes in operation worldwide. In 
terms of beverage packaging material, the bulk of the schemes are to recover metal cans, 
plastic bottles, refillable glass bottles with some designed to accept crated bottles with the 
capability of identifying bottles within the crate. The success of RV machines in deposit 
redemption indicates, that with a growing section of the UK population expressing an 
interest in recycling, the opportunity may exist to use RV machines to capture some of 
the beverage containers consumed in “out of home” locations where recyclables 
collection is becoming a standard component of municipal waste collections. 
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The packaging materials used by the beverage industry tend to be the higher value 
packaging materials: PET, aluminium and steel cans, glass is more common in alcoholic 
beverages compared to soft drinks. All of the materials used in beverage packaging are 
recyclable and attract a good resale value as recyclable materials. Whilst glass tends to be 
a format for home consumption, the PET bottle in single serving sizes of less than 500ml 
is directly aimed at “out of home” consumption and in competition with cans as a 
convenience format. The majority of bottles consumed “out of home” are discarded in 
mixed street waste bins and therefore rely on sorting at a MRF to enter a recycling 
stream. A problem with material entering a mixed waste stream is the potential for 
contamination from other waste, which is where RVM technology offers significant 
advantages in selective capture and preservation of the quality of material for 
reprocessing, with a consequential benefit in terms of cleaning the product for 
reprocessing.  
 
Whilst metal and glass packaging are reprocessed at high temperatures which burn off 
light contamination for plastic packaging a simple washing cycle is part of the 
reprocessing regime, where bottles that are only lightly soiled with content residues are 
easily cleaned and do not create a significant problem with wash effluent. 
 
The aim of the trial was to develop a sustainable and transferable model for the collection 
of clean empty beverage containers (PET bottles) at “out of home” locations. The specific 
objectives included: 
 
 Investigating the quantity of PET beverage containers that could be collected in the 
trial locations;  
 Collecting data on the level of reject material that was deposited in the RVM; 
 Identifying the key issues in engaging public participation in the use the RVM; and 
 Determining the scope for a model that could be applied to the collection of materials 
targeted for fast-track recycling. 
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To meet the overall aim, a prerequisite to the trial was to (i) select an appropriate RVM 
technology and; (ii) select appropriate trial locations. 
 
The proposition for the trial was developed as part of this research and ultimately funded 
by the GSK Community Partnerships fund, following a series of presentations initially 
from myself and latterly in partnership with the plastics recycling charity Recoup. The 
trial was executed in partnership with Recoup who monitored the machines and executed 
the user questionnaire. GSK project management, academic reporting and resources were 
provided by me and trade publication rights allocated to Recoup.  
  
4.4.2 Selection of RVM for Trial 
 
For selection of the RVM for the current trial, based on proven application, a simple user 
requirement specification was compiled incorporating the following criteria: 
 
 Single phase electrical supply; 
 Plug and play installation, electrical supply only without water and waste supply; 
 Compaction of bottles collected; 
 Integral reject material bin; 
 Unit to be capable of internal and external installation (weatherproof housing); 
 Bottle counter; 
 Remote telemetry, automatic notification of machine failure to control centre; 
 Capable of printing and issuing a promotional coupon; 
 Option to fit video screen; 
 Housing to be suitable for application of advertising skins; 
 Automatic rejection of non PET containers; 
 Service calls within 24 hours of notification; and 
 Compact footprint. 
 
Three companies were invited to tender for the supply of machines - Recycling Options; 
Reverse Vending Corporation; and Tomra - all of which were able to meet the user 
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requirement specification and offer a machine from their range that had potential to be 
used in the trial but Recycling Options specifically offered the capability of being able to 
accommodate additional equipment for future experimental work, within its standard 
module.  Figure 4.10 illustrates the CF-1500 model of machine supplied by Recycling 
Options (the UK agent for Envipco, a US based manufacturer of RV machines) which 
has a proven history in deposit redemption schemes across the US.  
 
 
Figure 4.10 CF-1500 RV Machine in Trial Livery 
 
4.4.3 Selection of Location for RVM Trial 
 
The criteria for selection of location for the RVM trial were based on: 
 
 Footfall of the site;  
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 Support infrastructure for maintenance of equipment and handling of the recovered 
material; 
 Potential tonnage capacity and scope for capture of target material; 
 Out-of-hours accessibility to the site; 
 Buy-in of location management to the trial; and 
 Public engagement. 
 
The locations chosen for the trial were Queensgate Centre, Peterborough; Milton Keynes 
Shopping Centre (The MK1 Centre); and Lakeside Shopping Centre, Thurrock.   
 
Footfall of site: Locations were chosen based on the footfall of the site (Table 4.3) and 
the willingness of centre management and retailers to support the scheme.  
 
Location Average Footfall 
(per day) 
Lakeside 64,285 
Milton Keynes 82,191 
Queensgate 47,572 
Table 4.3 Average daily footfall at location 
 
Support infrastructure: A prerequisite for inclusion in the study was participation in daily 
servicing of the machine, including cleaning the cabinet and emptying the bottle storage 
bins and taking the bottles to a secure storage area for inspection and collection, along 
with commitment from the site waste contractor to move the bottles into PET recycling. 
 
Tonnage capacity: The potential tonnage for each trial location was estimated on the 
basis of the number of stores within the shopping complex, the purchase information at 
each store and the estimated footfall per day past the intended location. The sale of single 
serving beverage bottles at each location (Table 4.4) was estimated as: 
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Location Sale of Single Serving 
Beverage Bottles 
Lakeside 16,071 
Milton Keynes 20,548 
Queensgate 11,893 
Table 4.4 Average daily beverage sales per location 
 
Out-of-hours accessibility: The opportunity to operate the units in the undercover 
shopping centres for out-of-hours use was advantageous from two points of view: (i) to 
protect the units from abuse, and (ii) to maximise the use of the machines by virtue of the 
fact that the centres provided food courts and cafeterias as well as retail outlets for 
beverages.  
 
Buy-in of location management: The engagement of building management groups at the 
shopping centres was required to provide relevant access to the site, servicing of the 
RVMs, project promotion, the link with waste contractors, and additional monitoring by 
existing services staff.  
 
Public engagement: The trial was advertised through local press releases and to waste 
and recycling trade press. Promotional leaflets and posters were also used at the points of 
sale, and within other public areas to raise awareness of the trial and stimulate interest 
and cooperation in the trial. 
 
4.4.4 RVM Trial Process 
 
The trial was run at three locations from January to June 2008.  The locations chosen for 
the trial were Queensgate Centre, Peterborough; Milton Keynes Shopping Centre (The 
MK1 Centre); and Lakeside Shopping Centre, Thurrock.   
 
The RVMs were installed into their trial locations and before “live operation”, a short 
period of time was allocated to allow staff training and familiarisation with the equipment 
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along with provision for emptying the unit and collection of recovered materials to be 
established. The machines were placed in established shopping malls with a suitable 
history of busy trading and retailers offering beverages in single serving bottles. The 
positioning of the RVM at each of the locations (Table 4.5) as follows: 
 
Location Placement of RVM 
Lakeside Food court – centre of shopping mall 
Milton Keynes Garden entrance to shopping mall 
Queensgate Top of main escalator bank 
Table 4.5 Placement of RVM at location 
 
The identification process used in the three RVMs was based on a barcode reader system 
in which the product barcode on the PET beverage pack was scanned upon insertion into 
the machine and any non-PET packaging was returned to the user for placement in a 
rejected material bin, placed at the side of the each RVM for the period of the trial. 
 
The shopping centres were visited by trial monitoring staff on a regular basis to record 
the clock counters for bottles collected through the machine and to inspect the material 
collected and to perform a visual analysis on the rejected materials. Reject items were 
collected in an integral bin and sent to a local MRF for sorting to ensure that any 
recyclable material present was recovered.  
 
During the trial period the material was inspected regularly to identify the consistency in 
capture of PET bottle waste vs. non-PET bottle waste.  Any non-PET product was logged 
and reported. Three material and waste assessments (as three single assessments on 
discrete dates) were completed during the trial period to log the material quality and 
quantity.  
 
User surveys were used to provide feedback and give an indication of consumer/machine 
user attitudes and willingness to recycle, as well as obtain data on usage of the RVM. The 
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questions were prepared in discussion with RECOUP and the questionnaire template is 
shown in Appendix 11.1.   
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4.5 Results and Discussion 
 
4.5.1 Results 
 
During the trial period (January to June 2008) weekly reporting of collection figures was 
recorded, as presented in Figure 4.11: 
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Figure 4.11 Weekly Collection of Bottles by Location (January to June 2008) 
 
The results of the trial are expressed in terms of: (i) recovery rate; (ii) material and reject 
assessment; and (iii) user participation. 
 
(i) Recovery rate 
 
The recovery rate is expressed in terms of the numbers of target bottles captured in the 
time period.   
 
The results show a steady increase in collection rates over time at all locations, with, at 
the end of the trial, Milton Keynes achieving a recovery rate of < 10%; Queensgate, a rate 
of ~33% and Lakeside, a rate > 75%. The low rate at the Milton Keynes location can be, 
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in part, attributed to the poor physical location of the unit, in an entrance vestibule 
leading from the shopping centre into the garden quadrangle in the middle of the 
complex, where no bottles were collected in the first 3 weeks of the trial.  
 
Marginal increases in the recovery rates were observed as a result of promotion of the 
scheme within the centres, through the use of a promotional vehicle, tent cards, bin 
wraps, posters and banners. The promotion measures, however, did not deliver the 
significant increase that justified their cost and anecdotal evidence collected from 
janitorial staff at the shopping centres suggested, to the contrary, that the bin wrap posters 
on a standard litter bin were actually resulting in an increase in the number of beverage 
bottles being placed in the bin. 
 
(ii) Material and Reject Assessment 
 
Figure 4.12 presents the profile of beverage material captured at the three locations, by 
polymer type.  The major portion of polymer captured in PET with the highest percentage 
capture being clear PET drinks bottles, at 60%, 68% and 92% for Queensgate, Milton 
Keynes and Lakeside respectively.  
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Figure 4.12 Material Assessment by Location 
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Three material assessments were carried out during the trial to indicate the split between 
the target material, PET, and other materials captured in the reject bin attached to the 
machine. Figures 4.13-4.18 summarise the results of these assessments by location for 
comparison.  
 
Queensgate shows a relatively low level of contamination to the target stream, with 
paper, cans and PET health and beauty product bottles being present in the rejects bin. 
The paper was in the form of paper beverage cups and incentive tickets from the 
machine, the cans present were all beverage containers and the PET health and beauty 
containers were indicative of a user bringing recyclable materials from home. There is a 
relatively high level of tinted and coloured PET in the early stage of the trial (Figures 
4.13 and 4.14). 
 
0
10
20
30
40
50
60
70
80
90
Ti
nt
ed
 P
ET
C
ol
ou
re
d 
P
E
T
C
le
ar
 (n
on
-d
rin
ks
) P
E
T
C
le
ar
 D
rin
ks
 P
E
T
G
re
en
 P
ET
N
at
ur
al
 m
ilk
 H
D
P
E
N
on
-m
ilk
 H
D
PE
W
hi
te
 D
rin
ks
 H
D
P
E
Ja
zz
 H
D
P
E
P
ap
er
C
an
P
VC P
P
O
th
er
% Percentage
Material Assessment 1 Material Assessment 2 Material Assessment 3
 
Figure 4.13 Material Assessments for Queensgate Location 
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Figure 4.14 Reject Assessments for Queensgate Location 
 
Lakeside had very low levels of contamination compared to the quantity of clear PET 
recovered despite it having the highest recovery rate of the three locations. With the 
RVM located in the food court there was potential for significant contamination with 
paper cups and cans but no cups were recovered during the trial and only one material 
assessment contained a can, indicating that the level of compliance and understanding of 
the signage on the machine was good (Figures 4.15 and 4.16).  
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Figure 4.15 Material Assessments for Lakeside Location 
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Figure 4.16 Reject Assessments for Lakeside Location 
 
The material and reject assessments at Milton Keynes (Figures 4.17 and 4.18) show the 
highest percentage rejected material of the three locations.  
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Figure 4.17 Material Assessments for Milton Keynes Location 
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Figure 4.18 Reject Assessments for Milton Keynes Location 
 
(iii) User Participation 
 
The machines were placed within the centres on a staggered start at the close of 2007, 
however due to lack of availability of staff data collection did not commence until 
January 2008, at which time the study was executed, without promotional support for 3 
months to the end March 2008, and with promotional support from April to June 2008. 
The user participation survey was executed in May 2008 and 65 interviews were 
conducted across the three trial sites.  
 
The users were asked when they commenced using the machines and the results are 
recorded in Figure 4.19. Although many users claim to have commenced using the 
machine in April, at the start of the promotional period, the week-by-week recovery rates 
presented in Figure 4.11 suggest a steady and almost linear growth in recovery with no 
significant change in rate. 
 
 122 
0
5
10
15
20
25
30
January February March April May
%
 
 
Figure 4.19 Month Commenced Using the RV Machine 
Note: Survey conducted in May 2008 
 
The users were asked how they heard about the reverse vending machine and the 
responses are shown in Figure 4.20. 
0
10
20
30
40
50
60
70
Publicity in Mall Word of Mouth Local Media Internet Other
%
 
  
Figure 4.20 How Users Became Aware of the RV Machine 
 
The results are quite interesting as a press release was made to local media as each 
machine was deployed, however the majority of people interviewed appear to have heard 
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about the machine from other sources. Publicity in the shopping centre appears to be the 
most efficient means of informing the potential users. 
 
The users were asked what they thought could be done to improve awareness of the 
plastic bottle recycling machine in their shopping centre; the results are presented in 
Figure 4.21. The general view was that enhanced promotion was a greater influence on 
uptake than an increase in the deployment of machines. It is also noted that users 
identified siting of the RVM as an important factor as evidenced by the contrasting 
performance in the Milton Keynes (“…users will not seek out a machine”) and Lakeside 
(“…if a machine is conveniently located at point of final consumption a high usage rate 
will result”) locations.  
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Figure 4.21 Suggestions for Improving User Awareness 
 
The users were also asked about possible incentives that could be applied to the use of the 
RVM - the responses are shown in Figure 4.22. 
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Figure 4.22 Favoured Incentives 
 
The results obtained from the questionnaire are generally supportive of the concept of 
“out of home” recycling.  
 
4.5.2 Discussion 
 
The aim of the trial was to develop a sustainable and transferable model for the collection 
of clean empty beverage containers (PET bottles) at “out of home” locations.  The 
specific objectives included: 
 
 Investigating the quantity of PET beverage containers that could be collected in the 
trial locations;  
 Collecting data on the level of reject material that was deposited in the RVM; 
 Identifying the key issues in engaging public participation in the use the RVM; and 
 Determining the scope for a model that could be applied to the collection of materials 
targeted for fast-track recycling.  
 
The findings from the “out of home” study are summarised as follows: 
 
 125 
• Location is key to achieving good usage rates; 
• Promotion has a positive impact on usage rates within the user survey but does 
not translate to a significant measurable response on recovery rate. There was 
anecdotal evidence of increased levels of bottles in litter bins after promotion of 
the trial commenced; 
• An opportunity exists to use the video display panel for advertising when not 
being used for instructions; 
• An increase in recovery compared to pre installation levels can be achieved; 
• Users perceived the RV units to be a positive contribution to recycling; 
• Low levels of contamination observed give a clean stream of PET for recycling; 
and 
• The question “Are reverse vending machines a viable solution for out of home 
recycling?” is answered with a positive response. However the value of the 
recovered PET would mean a prolonged period to recover the initial purchase 
price of the machine, therefore it is considered a prerequisite that sale of 
advertising on the machine should be considered for urban installations. 
 
4.6 Summary 
 
The chapter covers the background to reverse vending machine technology and explores 
its use as a means of maximising the recycle of a target material in an “out of home” 
consumption model.  The trial was successful in meeting the objectives in recovering a 
pure stream of PET bottles that would otherwise have been lost, as well as providing a 
means of separation of a high value stream for reprocessing from non-target materials 
collected in the integral reject bin. 
 
Furthermore the trial provided some important output in relation to “out of home” 
consumption of beverage bottles in shopping centres. A significant finding is that 
location is key to the successful capture of materials, as evidenced by comparison 
between the Lakeside and Milton Keynes bottle recovery rates. The poor location of the 
machine at Milton Keynes shopping centre forced users to deviate from the normal 
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shopping route to find the machine, whilst at the Lakeside centre the machine was sited 
adjacent to the food court.  
 
The material recovered through the reverse vending machines was bottle-grade PET, with 
no distinction being made in the trial between clear and coloured bottles since both are 
suitable for conversion to rPET. The materials collected were: the PET bottle, the closure 
and tamper evident drop ring (typically HDPE or PP) and the label. All materials have a 
ready second-user-market and are already included in current PET recovery processing. 
The process used in the reverse vending machine trial was the compaction of individual 
bottles since reprocessing operators prefer to receive whole bottles for processing. The 
machines can, however, be fitted with: (i) a shredding unit, instead of roller compactors,  
which can achieve a much greater utilisation of storage space within the machine; and/or 
(ii) multiple bins to receive clear, blue, green and brown tinted bottle flakes produced 
from the shredder. The separation of material into colour streams at the point of 
collection can increase the price achievable in the resale market. Product barcode can be 
used to differentiate between different coloured packs, however if a fail-safe system was 
mandated by reprocessing operators, a colour charge-coupled device (CCD) detector 
could be wired into the RV machines existing computer hardware to provide colour 
separation. 
 
The success of the trial supports the perceived potential benefits arising from the use of 
RVM for target based recycling including:  
 
 reduction of post consumer waste going to landfill; carbon footprint; and global 
warming potential due to energy/resource savings;  
 increase in recycling rate of PET; availability of rPET; and plastics going into 
sustainable applications; and  
 creation of employment opportunities; consumer interface for advertising and 
promotion; cross-sector partnerships between first user and second user industries, 
including the waste management sector; and business opportunities arising from 
transferable methodology.  
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Chapter 5 Use of Fibre Derived from Green Waste Compost in 
Pulp Packaging 
 
5.1 Introduction 
 
The use of plastics to produce complex three dimensional packaging structures is well 
established and can be achieved by thermoforming of sheet material or by injection 
moulding; it is the versatility of plastics which have made them a popular choice for 
manufacture of packaging.  With the volatility in international polymer prices, which tend 
to lag oil prices by 3-4 months, and their impact on cost of goods at the factory gate, there 
is a desire to consider alternative forms of packaging that are capable of producing three 
dimensional packaging structures, similar to those produced with plastics, without the 
cost penalty and with improved environmental impacts.  
 
In terms of recyclability, unlike metal, glass and paper which are widely recycled and can 
achieve long lifecycles of usage, plastics are not recycled at anywhere near their optimum 
potential.  A relatively new initiative, however, at an industrial scale, is the recycling of 
green waste, compost, which is in abundant supply, contains high levels of fibre and is a 
fibrous material very similar to peat.  It is well known that moss peat has an established 
use in horticultural applications - such as plant pots and seed propagation trays - through 
a process very similar to that adopted in the production of moulded pulp packaging which 
is used to produce a complex three dimensional packaging, such as the egg box pack. 
 
Moulded pulp products are made from natural fibre using a process known as pulp 
moulding to form thin-shell containers for packaging industry. The applications have 
rapidly expanded in recent years from food packaging (e.g. egg boxes, disposable trays, 
plates and burger boxes) to industrial packaging (e.g. for toys, CD players and PCs).  
Song et al (2001) argue that, since natural fibre is biodegradable and derived from 
renewable resources, it is an ideal environmentally friendly alternative to plastic 
packaging materials, however, the authors cite a major problem restricting the 
development of moulded pulp packaging is the long delay from a concept design of a 
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packaging solution to launching the product.  They propose the use of Time Compression 
Technologies as a means of developing a design tool for rapid prototyping and tooling of 
moulded pulp packaging. 
 
With regard to moulded pulp packaging structure Ma et al (2004) have developed a 
design database which provides valuable information on the loading performances of 
different structural units. Based on structural type of moulded pulp and loading speed, as 
well as material property of paper pulp, Chen et al (2008) have used the structural 
cushioning mechanism to optimize the structural design of moulded pulp.  According to 
numerical simulations the authors have shown the relationship between stresses of 
moulded pulp and structural parameters, such as the thickness, the length of side-wall 
bearing load and the number and relative position of the protrusions. 
 
Two papers, by Wever et al (2004) and Huo and Saito (2009), report on the use of life 
cycle considerations for the production of moulded pulp protective packaging.  Huo and 
Saito use multidimensional life cycle assessment to measure the performance of the 
moulded pulp production system with regard to technical, economic and environmental 
aspects as an approach that can be used to assist in identifying potential improvements 
and practical new packaging designs. 
 
Further papers discuss the composition of moulded pulp derived from a number of 
sources. The manufacture of moulded pulp from a slurry of cellulose fibres has been 
described by Brody and Marsh (2000). They state that three dimensional packaging and 
food service articles are produced from an aqueous slurry of cellulosic fibres in a process 
analogous to continuous sheet paper making. The inclusion of resins is discussed in the 
production of highly engineered forms of moulded pulp.  In packaging applications, 
however, the use of resin additives is rare, with starch and polyvinyl alcohol (PVA) being 
the notable exceptions, included to modify surface finish and moisture resistance. The 
sources of fibre include recycled cellulosic fibres, ground wood and Sphagnum peat fibre.  
Recently Sridach et al (2007) investigated the use of bagasse as a source of fibre for 
production of moulded pulp and produced a fibre similar to hardwood-sourced fibre, with 
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fibres exhibiting good length to diameter ratios. To produce a commercially acceptable 
packaging structure, however, the product required significant additives in the form of 
binding agents and moisture repellents. 
 
Given the well-established use of Sphagnum peat fibre in the production of plant pots, it 
was considered that fibre from green waste compost may be suitable for the production of 
moulded pulp packaging as it is an economical and sustainable source of fibre. The use of 
fibre derived from palm fronds has been reported by Hunsa-Udom and Jarupan (2008). 
Although a suitable fibre was produced the processing of the fronds was complex 
producing an effluent that would require significant treatment and therefore the process 
may not be perceived as being an eco-friendly. 
 
GSK‟s quest for new environmentally-focused forms of packaging for its vaccine 
production business led to a proposal to use fibre derived from green waste compost as a 
major ingredient in pulp packaging to deliver packaging trays that could be used to 
distribute vaccine vials and preloaded syringes to clinics in developing countries. It was 
considered important that the packaging should meet the criteria of: insulation from heat; 
protection from shock and vibration; manufacture from sustainable materials; and be 
capable of providing an opportunity for second use. 
 
 
Pulp packaging, also known as moulded paper pulp, is commonly used to make three 
dimensional packaging for the protection of fragile objects; a well known product is the 
egg box, which is both lightweight and offers the necessary protection. 
 
Frequently the fibre used to make paper pulp is sourced from post-consumer waste 
newsprint.  The waste newsprint is macerated with water to produce a pulp slurry which 
is then laid down on a wire mould designed to produce a three dimensional structure. 
Pulp can be laid down in a variety of thicknesses, with an increase in thickness resulting 
in an increase in strength of the pulp, such that pulp can also be used to produce 
packaging for heavy engineered items and electrical appliances.  In this chapter the extent 
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to which fibre derived from green waste can be mixed with newsprint to deliver a 
commercially acceptable moulded pulp packaging is explored. 
 
5.2 Experimental Procedure 
 
Based on an experimental procedure, devised by the author, packaging compositions 
suitable for trialling were developed with Faloye (Faloye 2008), moulded packaging 
forms were constructed at the pilot plant facilities of Cullen Packaging plc, Glasgow - a 
major UK moulded pulp packaging manufacturer, and the data analysed and interpreted 
by the author. 
 
For the trials, moulds for fresh produce were used - a twin-pack tray to protect avocado 
pears and a quad-pack tray for spherical fruits such as apples and oranges.  Two types of 
commercially available, peat free, compost - a coarse compost, with a high wood fibre 
content, sourced from Homebase plc, and a fine compost, which was more homogeneous 
in appearance, sourced from B&Q plc – were considered but since the Homebase coarse 
compost would require thermo-chemical treatment to break down the wood fibres before 
use only the B&Q fine compost was used in this work. 
 
The materials were trialled on a pilot scale production rig comprising the following units:  
 
 A pulper which is a lidded stainless steel tank of cylindrical form, fitted with 
rotating macerating blades at the base. The blades chop the newsprint and 
compost fibre to produce a homogeneous suspension in water; 
 A slurry vat (Figure 5.1(a)) which is an open stainless steel tank of rectangular 
form which holds the pulp; 
 A forming mould which is a three dimensional representation of the item to be 
formed, constructed from stainless steel wire woven into a mesh to retain the 
fibre as the slurry is drawn through; 
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 An articulated mould carrier (Figure 5.1(b)) which is a platen to which the 
forming mould is attached allowing the mould to be immersed into the fibre 
slurry and the fibre drawn onto the mould surface using vacuum. 
 A suction unit (pre-drier) which is a unit that removes water from the moulded 
pulp using suction until the moulded form can be ejected from the mould 
using compressed air; 
 A steam drier which is a unit performing the final drying stage to remove 
remaining moisture and yield a dried component ready for use; and 
 A system control panel (Figure 5.1(b)) which is an electronic system for 
controlling the operating parameters of the machinery within the pilot 
production unit. 
 
  
(a)                                                         (b) 
Figure 5.1. Pilot Scale Production Rig showing (a) Slurry vat setup and (b) 
Articulated mould carrier and system control panel 
 
5.2.1. The Process 
 
The moulded pulp samples were prepared in the pilot production facility using the 
suction method of fibre deposition and dewatering on combinations of green waste 
compost and newsprint, with a control sample of 100% newsprint-derived moulded pulp 
used for comparison.  The control samples were cut from Bodyguard
®
 medical trays 
produced by Cullen Packaging using their commercial pulp material containing 100% 
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recycled newsprint.  The compost fibre and newsprint were mixed in the ratios shown in 
Table 5.1. to give a dry charge of 5.0 kg, to which 120 litres of water were added, and the 
mixture macerated in the pulper for 15 minutes to produce a homogeneous pulp slurry. 
The ratios were chosen based on an initial plan to start with 80% compost and to 
progressively drop the inclusion rate with each successive batch until an acceptable 
product was formed and, a comparative product was tested with this ratio inverted.  
 
 
Compost 
(kg) 
 
Newsprint 
(kg) 
 
Ratio of Composition 
(%Compost:  
%Newsprint) 
4.00 
3.30 
1.70 
1.00 
1.70 
3.30 
80    :     20 
70    :     30 
30    :     70 
 
Table 5.1.  Percentage Composition of Samples 
 
The pulp slurry was pumped into the slurry vat and the production cycle commences with 
the articulated mould carrier being immersed in the slurry for approximately 6 seconds, 
during which the fibre is deposited on the mould surface, via suction. The mould is 
withdrawn from the slurry vat and after a period of suction drying, 4 seconds at -85.0 kPa 
(-0.85 bar), the component was ejected from the mould using compressed air for 3 
seconds. The dewatered mouldings were then conveyed into the steam drier where they 
were dried at 116°C for 9 minutes, ready for testing. The process flow is depicted in 
Figure 5.2.  
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Figure 5.2: Moulded Pulp Process Flow 
 
5.2.2. Testing and Characterisation 
 
The mould pulp samples produced at the plant were characterised at GSK‟s laboratory 
using calliper measurements to gauge thickness with a 150mm Vernier Gauge; scanning 
electron microscopy (SEM) to analyse the surface topography of the samples; tensile, tear 
and compressive strength testing to assess the physical characteristics of the material, 
moisture sorption analysis to provide an indication of potential failure of a pack due to 
moisture absorption; and field biodegradation trials to determine the time required for the 
material to break down when buried in soil, each of which is outlined below. 
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Scanning Electron Microscopy 
 
The scanning electron microscope, Zeiss Evo 50 MA SEM was used for examination and 
analysis of surface topography of the moulded pulp samples at two magnifications (X54 
and X200).  A focused beam of electrons generated from a tungsten or lanthanum 
hexaboride source is scanned over the surface of a sample and the reflected electrons are 
captured by a detector which builds up a picture of the surface of the sample for display 
on a cathode ray tube. The process is carried out under a high vacuum. The process by 
which the reflected electrons are captured is known as Rutherford backscattering 
(Gabrielson and Bulpett, 2000).  
 
Tensile and Tear Strength Testing 
 
A texture analyser, as shown in Figure 5.3, was used to determine the tensile strength of 
the respective packaging materials in accordance with ISO1924-2: 2005 standards.  The 
tensile grips in transverse directions were used to hold the specimen in place for testing, 
with the distance between the grips set to 50mm and the rate of elongation set to 
20mm/min,whilst the texture analyser was calibrated with a force of 250N (25kg) for the 
testing.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3.  TA-XT2 Texture analyser 
(Source: http://www.texturetechnologies.com/TAXT2_Texture_Analyzer.htm) 
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Preparation of the samples, for testing, involved cutting the moulded pulp samples into 
rectangular test pieces of 70mm length and 15mm width.  Both the calliper and the tensile 
force (force at break point) of the samples were recorded and displayed on the monitor, 
and the tensile strength for each material was obtained by dividing the average tensile 
force by the width of the test piece.          
  
The tear strength (the force required to pull the materials apart) of the moulded pulp 
samples, cut into rectangular test pieces with length 41mm, width 50mm and slit length 
13.2mm, was determined using the Elmendorf method, a paper industry standard 
characterisation test that provides comparative data on tear strength (resistance to tear 
propagation).  The test speed was set at 50 mm/min and the starting distance between the 
grips was 5mm. The tear strength of each test sample was calculated by dividing the peak 
tear force by the thickness of the material.  
 
Compressive Strength Testing 
This test was carried out based on the Technical Association of Pulp and Paper Industry 
(TAPPI) Standard T826, using the TA-XT2 texture analyser, with the upper grip (the 
moving jaw) replaced with a 25mm diameter aluminium probe and the lower grip (the 
stationary jaw) replaced with a stationary aluminium platen.  
 
Preparation of the samples, for testing, involved cutting the moulded pulp samples 30mm 
squares.  For testing the distance between the moving probe and stationary platen was set 
at 7mm and the speed of the moving aluminium cylinder probe was set at 2mm/min. The 
compression strength of each material was obtained by dividing the maximum 
compressive force by the width of the test piece. 
 
Moisture Sorption Analysis 
 
The moisture uptake level of the mould pulp samples was determined using an IGA-Sorp 
Moisture Analyser, as depicted in Figure 5.4. The instrument, comprising an 
ultrasensitive electronic microbalance (5g) with a resolution of 0.1 microgrammes, a high 
resolution humidity control unit, capable of a minimum step change of 0.2% relative 
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humidity and a temperature sensor, measures the magnitude and kinetics of moisture 
sorption into a material, evidenced by the change in weight of the sample as a function of 
humidity and temperature.           
 
 
 
 
 
 
 
 
Figure 5.4.  IGA-Sorp Moisture Analyser                                                       
(Source: http://www.hidenisochema.com) 
 
The rate of moisture uptake of each sample was determined using the gravimetric vapour 
sorption (GVS) test.  This involved drying the samples to 90
o
C for a period of 4 hours to 
eliminate all moisture content, mounting each test piece (weighing between 50 and 80 
mg) onto the microbalance, lowering each sample into the GVS chamber, and allowing 
the respective tests to run for 5 hours at a temperature of 30
o
C and 50% relative humidity. 
Another series of tests was conducted at the same temperature with the relative humidity 
increased to 75% in order to simulate a condition similar to that obtained in tropical 
regions. The test is a standard packaging industry comparison between temperate and 
tropical regions; results can be used to predict pack performance or time to failure under 
different climate conditions. Typically the test is used to predict stack failure for 
corrugated cases, as increased moisture levels compromise compressive strength of the 
case. 
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Field Biodegradation Trials 
 
To test the extent of biodegradation of the moulded pulp samples the test samples were 
buried in soil to a depth of approximately 10cm. The soil was kept moist at all times to 
aid the rate of decomposition of the materials under test. The first assessment was made 
at two weeks and followed thereafter by periodic inspection. 
  
5.3 Results and Discussion 
 
The results of the study are discussed in terms of the physical, mechanical and 
biodegradable properties of the moulded pulp samples. 
 
5.3.1. Physical Properties 
 
The compost-derived pulp samples appear darker with increasing compost content, with 
the 80% sample being darkest and the 30% sample having a light appearance comparable 
to that of the control sample (100% recycled newsprint). Surface examination of the 80% 
sample revealed a slightly friable external surface, which produces pulp dust similar to 
sawdust, and an imperfect fibre matrix finish on the inner (smooth) surface. It was further 
observed that an increase in compost content results in a reduction in the weight of the 
sample produced and an increase in its flexibility. 
 
Thickness of Samples 
 
The results from the calliper measurements of the samples are given in Table 5.2.   
 
The calliper measurements taken indicate that the samples are very similar in depth of 
fibre deposition; however this is not entirely surprising as the processing conditions were 
identical for all runs with standardised timings and vacuum settings. The dwell time for 
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moulds in the pump slurry and application of vacuum for a set time and percentage solids 
in the pulp slurry are critical factors in fibre deposition.  
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Pulp Pack Calliper 
100% Newsprint 70% Newsprint  
30% Compost 
 
30% Newsprint  
70% Compost 
 
20% Newsprint  
80% Compost 
 
1.51 
1.52 
1.51 
1.51 
1.53 
1.51 
1.51 
1.55 
1.49 
1.39 
 
1.51 
1.52 
1.54 
1.51 
1.49 
1.58 
1.56 
1.42 
1.39 
1.47 
Table 5.2 Pulp Pack Calliper 
 
Topography of Samples 
 
Electron micrographs of the samples and the control are shown in Figures 5.5. to 5.12. 
The images displayed do not indicate a uniform/defined orientation of fibres for all the 
samples examined. This irregular fibre orientation is attributed to the speed of deposition 
on the forming mould causing the pulp to be laid down in a random order on the wire 
mesh of the mould.  
 
Magnifications at low and high levels produce different appearances for the samples 
under observation. Whilst the X54 magnification (Figures. 5.5 to 5.8) does not show a 
distinct variation amongst the individual pulp materials viewed, comparison with the 
X200 magnification (Figures. 5.9 to 5.12) shows that the control sample and the 80% 
sample appear to have tightly packed fibre materials with a solid (non-porous) looking 
surface while the other pulp samples - 70% compost and 30% compost - have a structure 
of open lattice weave indicating a degree of springiness/resilience within their fibre 
structure. No significant separation of individual fibres is observed in the control sample 
and the 80% sample whilst individual fibres are clearly visible in the 30% (Figure 5.10) 
and 70% (Figure 5.11) samples, with the individual fibres intertwined leaving gaps in the 
fibre matrix, the presence of which indicates a level of porosity within these samples.  
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Figure 5.5:  100% Newsprint  Magnification: X 54 
 
 
Figure 5.6:  30% Compost    Magnification: X 54 
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Figure 5.7: 70% Compost        Magnification: X 54 
 
 
 
Figure 5.8:  80% Compost     Magnification: X 54 
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Figure 5.9:   100% Newsprint   Magnification: X 200 
 
 
  
Figure 5.10: 30% Compost    Magnification: X 200 
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Figure 5.11:   70% Compost    Magnification:X 200 
 
 
  
Figure 5.12:   80% Compost        Magnification: X 200 
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5.3.2. Mechanical Properties 
The mechanical properties of the product dictate the level of performance it will give in 
service.  In the case of the pulp trays they need to be dimensionally stable in use; 
therefore stretch, tear and compression are all criteria that would form part of the 
functional design specification for a new pack based on the material arising from the 
experimental manufacture. 
Tensile Strength 
 
The results from the tensile strength testing, to determine the ability of the pulp material 
to resist breaking under tension as a measure of its performance under load in use, are 
presented in Tables 5.3 to 5.7, indicating the tensile forces as well as the tensile strength 
of each sample compared to the control sample of  100% recycled newsprint. 
 
Tensile Force 
(N) 
 
Work done 
(Nmm) 
 
Travel/Extension 
(mm) 
 
Tensile Strength 
(N/mm) 
 
116.23 
105.99 
118.13 
89.49 
130.70 
119.23 
96.08 
103.00 
106.60 
110.70 
123.30 
100.80 
1.74 
3.70 
3.19 
2.47 
1.86 
1.62 
7.75 
7.07 
7.88 
5.97 
8.71 
7.95 
Mean Tensile Strength:    7.55N/mm 
Standard Deviation from Mean:  0.94 
Tensile Strength:     7.55N/mm ± 0.94 
Table 5.3.  100% Newsprint (Control Sample) 
 
  
Tensile Force 
(N) 
 
Work done 
(Nmm) 
 
Travel/Extension 
(mm) 
 
Tensile Strength 
(N/mm) 
 
56.53 
62.90 
89.81 
39.18 
57.37 
71.34 
48.10 
77.62 
87.15 
29.48 
56.32 
59.89 
1.75 
3.84 
2.56 
2.64 
1.93 
1.97 
3.77 
4.19 
5.99 
2.61 
3.83 
4.76 
Mean Tensile Strength:    4.19N/mm 
Standard Deviation from Mean:  1.13 
Tensile Strength:     4.19N/mm ± 1.13 
Table 5.4.  70% Newsprint + 30% Compost (30% Sample) 
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Tensile Force 
(N) 
 
Work done 
(Nmm) 
 
Travel/Extension 
(mm) 
 
Tensile Strength 
(N/mm) 
 
60.78 
53.07 
38.98 
65.60 
50.96 
33.73 
41.18 
41.24 
21.95 
43.76 
33.15 
33.07 
1.46 
1.59 
1.31 
1.70 
1.42 
1.79 
4.05 
4.05 
2.60 
4.37 
3.40 
2.25 
Mean Tensile Strength:    3.37N/mm 
Standard Deviation from Mean:  0.82 
Tensile Strength:     3.37N/mm ± 0.82 
Table 5.5.  30% Newsprint + 70% Compost (70% Sample) 
 
 
 
Tensile Force 
   (N) 
 
Work done 
(Nmm) 
 
Travel/Extension 
(mm) 
 
Tensile Strength 
(N/mm) 
 
21.13 
45.44 
35.89 
28.56 
39.13 
41.61 
10.40 
30.48 
31.72 
21.43 
33.49 
37.56 
1.25 
1.76 
2.88 
2.83 
1.72 
2.73 
1.41 
3.03 
2.39 
1.90 
2.61 
2.77 
Mean Tensile Strength:    2.35N/mm 
Standard Deviation from Mean:  0.60 
Tensile Strength:     2.35N/mm ± 0.60 
Table 5.6.  20% Newsprint + 80% Compost (80% Sample) 
 
 
Material Composition 
(COMPOST  : NEWSPRINT) 
 
Mean Tensile Force 
(N) 
 
Mean Tensile Strength 
(N/mm) 
 
0        :       100 
30      :         70 
70      :         30 
80      :         20 
113.29 
62.86 
50.52 
50.52 
7.55 
4.19 
3.37 
2.35 
Table 5.7.  Comparison of Mean Tensile Force and Mean Tensile Strength for 
Samples 
 
The samples were observed to have different points where breakage occurs with the same 
force being applied (tensile force), with ranges from, for example, 33.73 to 65.60N for 
the 70% sample. The spread of results for failure points under the same applied force may 
be attributed to the random distribution and density of the pulp fibres in the samples.  
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The tensile strength or the ability of a material to break under stress depends on the 
length and strength of the fibre as well as the inter-fibre bonding of the material 
(Patterson, 2007).  While the fibres provide the majority of the structural strength to the 
pulp products, the inter-fibre bond provides for an even load distribution within the 
matrix (Patterson, 2007). The fibre contents of all the samples are considered to be 
randomly packed, therefore it is anticipated that there will be uneven distribution of fibre 
and irregular inter-fibre bond strength within the pulp samples. As tension is applied to 
the irregular inter-fibre bonding matrix an uneven load distribution amongst the fibre 
materials results and produces different failure points for the samples.  
 
Overall, the control sample exhibits the best resistance to a 250N applied force with the 
30% sample exhibiting the highest tensile strength of the mixed compost-newsprint 
samples tested.  
 
Analysis of the mean tensile strength, in comparison with the control sample (Table 5.8), 
shows a 44%, 55% and 72% reduction in the strength for the 30%, 70% and 80% samples 
respectively and confirms an inverse relationship between the compost content and the 
tensile strength of the material. 
 
 
Material Composition 
(COMPOST  : NEWSPRINT) 
 
Mean Tensile Strength 
(N/mm) 
 
Variation in Mean 
Tensile Strength 
Against Control 
(%) 
0        :       100 
30      :         70 
70      :         30 
80      :         20 
7.55 
4.19 
3.37 
2.13 
- 
-44 
-55 
-72 
 
Table 5.8  Variation in Mean Tensile Strength of Samples 
 
The reduced tensile strength observed for the 80% sample, at 2.35N/mm, is attributed to 
the presence of short fibres in the compost. The short fibres may have resulted from the 
decomposition during the composting process.  As the compost level is increased the 
structural strength of the sample is reduced.  It is important, however, to consider the 
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results in terms of fitness for purpose, where, in the context of a potential commercial 
application, there is a trade-off between structural strength and cost of ingredients. 
Compost is cheaper than newsprint and makes a serviceable pack for some applications; 
whilst it may not be a good choice for heavy engineering packaging, it does, however, 
make a very good produce tray.   
 
The produce trays from the trial are used to collate items of fruit and, in commercial use, 
would be wrapped with a film or pillow pack wrap which would provide additional 
support, with even the 80% sample showing a strength that would meet the requirement 
of collating fruit.  The tensile strength becomes a more important measure when a pack is 
self supporting when loaded with contents; in the context of a vial shipping tray the test 
would be linked to a value defined in the functional specification for the pack. The target 
result would be set at a level where a loaded tray could be picked up and manipulated 
without failure or damage. 
 
Compressive Strength 
 
The results from the compressive strength test, to determine the behaviour of the moulded 
pulp samples under an axially applied load of 250N as an indication of the cushioning 
protection offered by the samples, are shown in Tables 5.9 to 5.13.        
                 
 
Compressive Force 
(N) 
 
Compressive Strength 
(N/mm) 
280.59 
251.06 
228.01 
259.97 
249.73 
291.76 
9.35 
8.37 
7.60 
8.67 
8.32 
9.73 
Mean Tensile Strength:   8.67N/mm 
Standard Deviation from Mean: 0.77 
Compressive Strength:    8.67N/mm ± 0.77 
Table 5.9. 100% Newsprint (Control Sample) 
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Compressive Force 
(N) 
 
Compressive Strength 
(N/mm) 
 
187.06 
166.26 
78.36 
98.28 
174.60 
6.23 
5.54 
2.61 
3.28 
5.82 
Mean Tensile Strength:   4.70N/mm 
Standard Deviation from Mean: 1.64 
Compressive Strength:    4.70N/mm ± 1.64 
Table 5.10.  70% Newsprint + 30% Compost (30% Sample) 
 
 
 
Compressive Force 
(N) 
 
Compressive Strength 
(N/mm) 
 
156.01 
158.14 
97.93 
120.71 
143.67 
115.86 
5.20 
5.27 
3.26 
4.02 
4.79 
3.86 
Mean Tensile Strength:   4.40N/mm 
Standard Deviation from Mean: 0.81 
Compressive Strength:    4.40N/mm ± 0.81 
Table 5.11.  30% Newsprint + 70% Compost (70% Sample) 
 
 
Compressive Force 
(N) 
 
Compressive Strength 
(N/mm) 
 
199.33 
218.90 
217.72 
168.59 
174.96 
205.35 
6.64 
7.30 
7.30 
5.62 
5.83 
6.85 
Mean Compressive Strength: 6.58N/mm 
Standard Deviation from Mean: 0.71 
Compressive Strength:  6.58N/mm ±0.71  
Table 5.12.  20% Newsprint +80% Compost (80% Sample) 
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Material 
Composition 
(COMPOST:NEWSPRINT) 
 
Mean Compressive 
Force 
(N) 
 
Mean Compressive 
Strength 
(N/mm) 
 
0        :       100 
30      :         70 
70      :         30 
80      :         20 
260.19 
140.90 
132.05 
197.48 
8.67 
4.70 
4.40 
6.58 
Table 5.13.  Mean Compressive Force and Mean Compressive Strength 
 
In the manufacture of packaging, the measurement of compressive strength is an 
important quality control test and since compressive strength is influenced by the depth 
of fibre deposited in the mould and the presence of voids in the fibre matrix the 
measurement can provide guidance for design in terms of: (i) the strength required to 
support product in a stack, and (ii) the shock protection (cushioning) that a material 
offers.   
 
There is evidence that the mean compressive strength reduces with a reduction in 
newsprint composition, although, in the case of the 80% sample, the compressive 
strength increased due to the increase in homogeneous compost fibre content.  The 
greater proportion of compost fibre is considered to be attributable to the high force of 
interaction amongst fibres, thereby allowing the fibres to interlock and form a matrix 
exhibiting a bonded structure, such that the density and bonding within the structure may 
be responsible for its ability to withstand the force used to compress it.  
 
Another factor which affects compressive strength of a material is the presence of voids 
within the structure. As the number of voids in the structure is reduced there is a 
corresponding reduction in the compressive strength of the material. The reduction in 
number of voids may be attributable to the quantity of particulate material present in the 
compost as it may act as a filling agent to saturate the voids formed between the 
randomly laid fibres.  
 
The results obtained indicate some variation between samples, providing useful data for 
mould design and process conditions for the manufacture of vial trays.  
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Tear Strength 
 
The results of the tear strength test, designed to evaluate the resistance to tear 
propagation of the packaging material in relation to its composition which gives an 
insight into the material‟s behaviour when damaged, are shown in Tables 5.14 and 
5.15. 
 
 
Tear Force Values 
100%Newsprint 
0% Compost 
(N) 
(Control 
Sample) 
70%Newsprint 
30% Compost 
(N) 
 
30%Newsprint 
70% Compost 
(N) 
 
20% Newsprint 
80% Compost 
(N) 
 
4.98 
6.99 
6.33 
6.48 
4.09 
6.36 
3.40 
2.17 
2.79 
6.48 
5.91 
6.72 
5.06 
3.92 
2.77 
2.61 
7.08 
4.22 
0.25 
0.27 
1.66 
1.41 
1.63 
1.70 
Table 5.14.  Tear Force Values for Control and Test Samples 
 
 
Material Composition 
COMPOST : NEWSPRINT 
 
Mean Tear Force 
(N) 
 
Mean Tear Strength 
(N/mm) 
 
0        :       100 
30      :         70 
70      :         30 
80      :         20 
5.87 
4.58 
4.28 
1.15 
2.94 
2.29 
2.14 
0.58 
Table 5.15.  Mean Tear Force and Mean Tear Strength 
 
The resistance to tear is an important characterisation test used in the paper industry. 
Tests are standardised by introduction of a cut in a sample and measuring the force 
required to propagate a tear from the end of the cut. In the case of machine-made paper 
the measurement is made in the direction of machine travel and in the cross direction 90
o
 
to machine direction, typically paper is more resistant to tear in the cross direction. For 
moulded pulp the fibres are deposited randomly from the slurry, therefore there is no 
machine or cross direction within the sample. 
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The tear strength of the samples reduces with increased compost content. Compared with 
the control sample, there was a 22% and 80% reduction in the tear strength for samples 
containing 30% and 80% compost respectively. The desired application for the samples 
lies in the production of vial trays where there is high resistance to tear propagation such 
that structural integrity is maintained under stressed conditions, especially transportation 
and handling.  It is interesting to note, however, the marked difference in performance 
between the 70% and 80% samples. 
 
The results provide supportive data for design of tooling and process as well as an 
indication of likelihood to failure in a loaded pack.  In the case of a pulp pack tear 
strength provides the data that will determine if a pack will support the weight of the 
contents. Furthermore, a pack can be made tear resistant by designing the mould to lay 
down a thicker edge bead of fibre to prevent tear initiation and propagation and deliver a 
product that is fit for purpose and capable of supporting the desired load. 
Moisture Sorption Analysis 
The results from the moisture sorption test, carried out to determine the level of moisture 
absorbed by the samples under conditions similar to that of temperate and tropical 
climates, are presented in Tables 5.16 and 5.17.  
Material Composition Moisture Uptake 
(%) 
COMPOST NEWSPRINT  
0           :       100 
30         :         70 
70         :         30 
80         :         20 
  
5.85 
7.22 
6.31 
5.65 
Table 5.16.  Moisture Uptake at 30
o
C and 50% Relative Humidity 
 
Material Composition Moisture Uptake 
(%) 
COMPOST   NEWSPRINT  
0           :       100 
30         :         70 
70         :         30 
80         :         20 
  
9.24 
10.58 
9.84 
8.55 
Table 5.17.  Moisture Uptake at 30
o
C and 75% Relative Humidity 
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Sridach et al, 2007 have reported that moulded pulp packaging products are hygroscopic 
due to the presence of hydroxyl (-OH) radicals present in their composition, 
characteristics that are considered to be responsible for the uptake of moisture in the pulp 
derived products. Although, the moisture uptake results do not show a particular trend, 
lower moisture uptake levels are recorded at 50% relative humidity for all samples while 
higher moisture uptake percentages are recorded at 75% relative humidity (Figures 5.13 
and 5.14). This suggests that, in tropical regions where there is high relative humidity or 
under refrigeration without dehumidification, these samples would be susceptible to 
moisture absorption.  In the case of the 80% samples there is reduced moisture uptake at 
both relative humidities which is attributed to the reduced number of voids present in 
sample, an observation which concurs with the findings relating to compressive strength.  
  
A report was made by Borch et al, 2001 stating that increased moisture content in fibre-
based packaging materials reduces the time to ultimate failure. As a result, the moisture 
uptake level of the material will have consequential effects on its mechanical properties. 
It is anticipated, therefore, that the increased uptake of moisture by the 30% and 70% 
samples will impact significantly the tensile and tear properties resulting in a greater 
susceptibility to early failure under exposure to humid conditions. The reduction in 
performance will occur as a result of disintegration of the fibre network by the increased 
moisture content and this will render the material unfit for use under such humid 
conditions. Conversely, the lower moisture uptake by the 80% compost sample may be 
expected to provide improved resistance to humid conditions and as a result the tensile 
and tear strength is expected to be retained for a longer period of time compared with the 
30% and 70% samples. 
 
The ability of paper products to absorb atmospheric moisture is a critical design 
parameter as it is important to know the rate of potential moisture pick-up in different 
climates due to the reduction in strength that moisture can impart. 
 
The results clearly show a greater moisture gain in the 75% relative humidity samples 
compared to that recorded in the 50% relative humidity samples, with the 80% compost 
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samples exhibiting the lowest level of moisture uptake under both conditions of relative 
humidity. The moisture uptake may be influenced as much by physical structure as 
material composition.  The 80% sample (Figures 5.8 and 5.12), when viewed under 
magnification, appears to have the least number of voids present in the structure as the 
fine particle size fractions present appear to have acted as a filler within the fibre matrix. 
This feature is evident in commercially used pulp products where additives are included 
to alter the matrix structure and reduce moisture uptake. 
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Figure 5.13. Typical Moisture Uptake Plots at 30
o
C/50% Relative Humidity for:  
a) Control Sample; b) 30% Sample; c) 70% Sample and d) 80% Sample 
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(c)                                                                   (d) 
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Figure 5.14. Typical Moisture Uptake Plots at 30
o
C/75% Relative Humidity for: 
a) Control Sample; b) 30% Sample; c) 70% Sample and d) 80% Sample 
 
 
5.3.3. Field Biodegradation Trials 
 
According to Gallacher (2008) it takes an average of 65 days for 100% newsprint 
materials to disintegrate under normal moisture conditions. Visual inspection of the 
moulded pulp samples prepared from different compost-newsprint mix was carried out 
after 14, 56 and 84 days as an uncontrolled study and the extent of disintegration 
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illustrated in Figures 5.15 - 5.20. The biodegradation trials were conducted in the author‟s  
garden in Hampshire, where the soil type is slightly acid, and light watering of the soil 
was carried out as required. After 14 days the products derived from the control and 30% 
sample compost showed no sign of degradation, whilst the 70% and 80% samples 
showed increased levels of moisture and signs of surface degradation with some loss of 
edge definition as the fibres broke away from the sample.  
 
The second assessment of the samples at 56 days revealed that all samples had loss of 
edge definition and clear signs of surface degradation, however all were still recognisable 
and whilst friable, largely still intact. The 100% Newsprint sample appeared to be the 
least advanced sample in terms of structural breakdown. 
 
The third and final assessment of the samples at 84 days revealed that the 80% compost 
sample had largely broken down and integrated into the soil structure, with only 
fragments identifiable from the sample. The control sample continued to be the least 
advanced breakdown followed by the 70% Newsprint sample. The 70% compost sample 
was still identifiable and lagging behind the 80% compost sample in terms of structural 
breakdown. 
       
 
Figure 5.15.  Samples (shown in the foreground) before biodegradation test 
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Figure 5.16.  Samples after 14 days burial 
 
 
     
Figure 5.17.  80% Sample after 14 days burial 
 
 
 
Figure 5.18.  Control and Samples after 56 days burial 
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Figure 5.19.  Control and 70% & 30% Samples after 84 days burial 
 
 
Figure 5.20.  80% Sample after 84 days burial 
 
 
The higher levels of compost did appear to break down faster than the 100% newsprint 
control indicating the increased biodegradability of the moulded pulp samples derived 
from compost and thus avoids disposal problems normally encountered with non-
biodegradable characteristics of 100% newsprint materials in landfill.   
 
5.4 Summary 
 
Given the market potential for a sustainable packaging presentation that has minimal 
environmental impact, there is scope for the use of alternative materials that are cheap 
and plentiful and can be processed through an existing manufacturing plant, with little or 
 158 
no modification, and deliver a product with technical performance similar to existing 
packaging products. 
 
This chapter introduced a novel idea for the use of green waste compost as a major 
ingredient in the production of pulp packaging. The work was intended to provide a new 
packaging material that could be used to form packaging with complex three dimensional 
structures. A primary objective of the work was to provide a sustainable packaging 
material that could be used as a direct replacement for plastic-based packaging in some 
applications. A requirement for the sponsor was that the work should deliver a novel 
second user opportunity for the target pack, a vial distribution tray.  
 
This research tested the feasibility of producing moulded pulp packaging from green 
waste compost.  The results indicate that green waste compost can be included in pulp 
packaging at relatively high levels as a direct substitute for recycled newsprint delivering 
a novel sustainable healthcare packaging solution and offering a potential new market for 
green waste compost in packaging applications.  
 
Specifically, the work explored the potential to manufacture a vial distribution tray that 
could be used to distribute vaccine to bush clinics in the developing world. The tray 
would need to offer thermal insulation and protection from physical shock to prevent 
breakage; testing indicated that a pack could be manufactured with a 70% compost 
inclusion rate that would deliver the desired physical and mechanical properties. The 
work also identified a second use opportunity for the packaging where it could be used by 
local farmers as a seed propagation tray, this additional use returns the compost to earth 
when the seedlings are planted out. 
 
The results indicated that the 70% compost 30% newsprint blend was fit for purpose 
delivering a product the would be suitable for use in a number of traditional pulp 
packaging applications e.g. trays, inserts, clamshells and protective fitments. 
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The field biodegradation test demonstrated that the 80% compost sample integrated into 
the soil structure within 12 weeks and that the other samples under test in the same 
timeframe showed the onset of disintegration.  The characteristic of biodegradability is a 
further benefit in terms of suitability of exporting this package structure overseas without 
imposing negative environmental impact at end of life. 
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Chapter 6  Use of Life Cycle Methodology in Healthcare 
Packaging 
 
6.1 Introduction 
 
The use of plastic packaging for healthcare products is well established with the wide 
variety of performance characteristics available to meet the key aims of: protecting; 
preserving; containing; providing convenience; informing and selling; and meeting 
economic and environmental requirements (Soroka, 1995). 
 
Plastics recycling rates have lagged those of other waste types with post consumer waste 
(PCW) plastics often being lost to landfill and incineration. The packaging industry is 
challenged to find ways of using resources in a more sustainable way. The consumer 
healthcare sector uses significant quantities of polypropylene (PP) in the packaging of the 
oral care products and, specifically, in the pump dispenser that is used for a number of 
Aquafresh™ and Sensodyne™ toothpaste brands, and in toothbrush handles for the 
Aquafresh Flex™ range. 
 
Life Cycle Assessment (LCA) is used as a comparative measure of environmental 
performance on the basis that it is recognised as a systematic tool capable of identifying 
differences in products and processes throughout their lifecycle.  In this chapter the use of 
PP in a traditional single use packaging scenario is considered against a model where the 
material is targeted for removal from the PCW stream and recycled in a manner to 
preserve the original specification for second user application.  
 
6.2 Methodology 
 
The LCA study, including the setting of system boundaries, data analysis and 
interpretation, was carried out with Klouda (Klouda 2005), under the guidance and 
supervision of the author. 
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The LCA study, which has been carried out using the SimaPro 6.0 Ecoinvent software 
package in compliance with ISO 14040, concentrates on the mass and energy balances 
within the system, with the functional unit being:  
 
1.0kg of virgin polymer compared to 1.0kg of recycled/recovered polymer 
 
 
The polymer is capable of undergoing many manufacturing cycles before any significant 
degradation occurs. It is interesting to note, however, that, although its life as packaging 
for healthcare products is measured in months, in a second user application life 
expectancy could be up to 25 years. 
 
6.2.1 System Boundaries 
 
The system boundaries of the LCA extend, in one option, from the production of the 
virgin PP polymer through distribution, transport use to final disposal (referred to as “the 
virgin polymer option”)., whilst a second option includes a second life cycle, 
commencing with recycling of the polymer and finishing at the point of second use 
(referred to as “the recycled polymer option”). Figure 6.1 illustrates the process flow for 
healthcare packaging polymers. 
 
6.2.2 Scope of Study 
 
The LCA study is designed to capture the environmental impacts of the whole life cycle 
of the product under assessment and, for the purposes of this work, a key assumption 
made is that all products are manufactured, used within the UK and not exported.    
 
 
System I Virgin Polymer Option  
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The environmental impacts for the virgin polymer option system in which a three way 
disposal scenario is considered: i: incineration with energy recovery in which 13% is 
incinerated; ii: landfill in which 80% is placed in landfill; and iii: recycling for material 
recovery in which 7% is recycled. 
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Figure 6.1: Process Description Flow Scheme 
 
Oil Extraction 
Crude Oil 
Distillation 
Cracking 
Polymerisation 
Injection 
Moulding 
Distribution and Use 
Landfill Recycling Incineration 
Second User Application 
Distribution and Use 
End of Life Disposal 
Primary Use Cycle Resource Management Second Use Cycle 
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System II Recycled Polymer Option  
 
In the recycled polymer option, evaluation includes recycling and a second life cycle for 
the PP.  The assumption is made that the whole waste stream originating from the case 
study material is recycled and that a 95% recovery rate is achieved. The environmental 
impacts of the first lifecycle with and without second lifecycle post recycling are assessed 
and compared. 
 
6.2.3 Data Collection and Treatment 
 
The data used in this analysis have been obtained from published sources, directly from 
packaging producers (RPC-Packaging) and re-processors (Linpac Plastics Recycling) and 
supplemented with data from internal reports from GSK sites. Secondary data on 
processes and environmental impacts have been sourced from within the SimaPro 6.0 
Ecoinvent 2000 system database. 
 
The parameters describing data quality are in accordance with Weidema‟s (1998) 
proposition and satisfy the specific goal of the study in terms of: 
 
 Temporal scope which gives the time period covering the data collection and its 
current relevance; 
 Geographical scope which ensures that the data are current and reflect normal 
practice in the UK; and 
 Technological scope which ensures that the manufacturing processes selected for 
the work reflect the most commonly used processes within the appropriate 
industries and that they are in compliance with the temporal and geographical 
scopes; 
 Reliability, which allows for the consistency of the data and reliability of the 
source to be assessed.  Where processes contain uncertainties or are subject to 
variation or unpredictable factors it is necessary to ensure that all assumptions 
made are  reported as part of the lifecycle analysis; and 
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 Completeness which ensures that all processes included in the lifecycle are 
described in detail including materials and energy consumption and that all 
pertinent factors are taken into consideration. 
 
6.2.4 Life Cycle Inventory Analysis 
 
A flow chart of the processes involved in production is shown in Figure 6.2, with the 
polymer production process from oil extraction to polymerisation treated as a single 
process. The resources consumed are raw materials required to produce the virgin 
polymer and the electrical energy used in the production process. The main process post 
production of polymer is the injection moulding of the packaging components.  The LCA 
consists of the first life cycle (hatched blue line), which starts with the virgin material and 
finishes when the product comes to the end of its life and the second life cycle (dashed 
green line) starts with the recycling of the polymer and finishes with a second user 
application. 
 
6.2.5 Life Cycle Impact Assessment 
 
Inclusion of an impact assessment phase has become the norm, since the interpretation of 
inventory results can be complex.  In the present work, the impact categories identified as 
key for examination are: abiotic (resource) depletion, global warming and ozone layer 
depletion, human toxicity, terrestrial ecotoxicity, acidification and eutrophication to give 
a comprehensive environmental impact. 
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     Oil Extraction 
 
Life Cycle 1      System Boundaries including Life Cycle 2 
Oil Refinery Operations 
     
 
 
 
       Production of virgin polymer   Emissions to Air 
Raw           
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            Conversion Operations    Emissions to Water 
           (Packaging and Products)    
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Energy         Product distribution and use   Solid Waste 
           
 
 
Incineration            Recycling    Landfill 
 
 
 
Collection / Separation Operations 
Life Cycle 2 
 
        
      Emissions to Air 
 
Recycling with material recovery 
Water          Emissions to Water 
 
 
Second user application   Solid Waste 
Energy              
 
 
Figure 6.2: LCA System Boundaries for Healthcare polymers 
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The energy inputs calculated were those consumed during polymer production and 
injection moulding. The virgin polymer used in the production of the toothbrush handles 
consumes 3.93 kWh/kg compared with a much lower value of 0.4 kWh/kg of energy for 
mechanical recycling of the material. 
 
In considering the disposal methods of incineration, landfill and recycling, the 
incineration data were sourced from the Sima-Pro Ecoinvent database.  The database 
makes the assumption that municipal incineration of PP, with 15.9% water, includes 
waste-specific air and water emissions from the process along with auxiliary material 
consumption for flue gas cleaning. In addition, short-term emissions to water and long 
term emissions from slag and residual material are included. It is further assumed that the 
net energy produced in MSW incineration is 3.74 MJ/kg for electrical energy and 7.54 
MJ/kg for thermal energy and that 1kg of waste produces 0.01618 kg of slag and 
0.004865 kg of residues, which are landfilled. 
 
The landfill option for polypropylene also assumes the presence of 15.9% of water. 
Waste-specific short-term emissions to air via landfill gas and leachate, as well as 
burdens from the treatment of short-term leachate in a wastewater processing plant and 
the long-term emissions from landfill to groundwater are also included in the LCA. 
 
The recycling process for polypropylene is a material specific process (Recycling PP 
system process) which includes energy consumed in mechanical recycling. The 
assumption is made that in a second lifecycle, recycled polymer is used in preference to 
virgin material. 
 
6.3 Results and Discussion 
 
The LCA goal, scope and definition stated the purpose of the investigation was (i) an 
evaluation of the environmental impact of the virgin polypropylene used in the case study 
materials (toothpaste pump dispenser and toothbrush) through their life cycle; (ii) an 
identification of the main impact categories during disposal; (iii) an identification of the 
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preferred option for disposal; and (iv) the potential for adding a second lifecycle at the 
end of first use.  
 
A key assumption made throughout the investigation is that the use of recycled polymer 
completely replaces the use of virgin polymer in a second use application. In many 
applications only recycled polymer will be used, but the second application is not 
normally the same as that of the first life cycle.   
 
6.3.1 Classification and Characterisation 
 
Classification and characterisation make up the first stage of assessment of the 
contribution of the various processes in the life cycle to the impact categories. The 
overall life cycle gives an overview, which is followed by a more detailed analysis in the 
comparison of the different life cycle options after normalisation of the results. 
 
Figure.6.3 depicts PP production which accounts for around 52% of resource 
consumption (abiotic depletion); and has a significant impact on global warming (48%), 
ozone layer depletion (50%), terrestrial ecotoxicity (52%) and acidification (52%).  
 
The injection moulding process has an impact on ozone layer depletion, while the waste 
disposal scenario accounts for eutrophication (68%), human toxicity (47%) and resource 
consumption (35%). The use of electrical energy does not have a significant 
environmental impact compared to the other processes, with the most significant impact 
being on global warming (5%). 
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Figure 6.3:  Life Cycle scenario for the production of virgin PP  
 
6.3.2 Normalisation 
 
Normalisation is a process to enable comparison between different impact categories. The 
majority of impact category indicators are divided by a normalisation reference which in 
the case of Sima-Pro is the Eco-indicator method. 
  
 
The data in Figure 6.4 show the impact categories expressed in Figure 6.3 for the PP life 
cycle after normalisation. The results clearly show the significance of the global warming 
and acidification impacts while terrestrial ecotoxicity, eutrophication and human toxicity 
are much less significant with the remaining impact categories deemed insignificant. 
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Figure 6.4:  Normalised life cycle scenario for the production of virgin PP 
 
6.3.3 Comparison of Disposal Scenarios for the Virgin Polymer  
 
The three disposal scenarios of incineration, landfill and recycling are compared in 
Figure 6.5. The histogram shows that recycling has the lowest value for each of the 
impact categories, with incineration showing comparatively larger values for global 
warming, terrestrial ecotoxicity, acidification and human toxicity. 
 
The negative values for recycling in terms of abiotic depletion (resources) and ozone 
layer depletion, illustrate the environmental gain by not producing the virgin polymer. 
The assumption is that recycled polymer replaces virgin polymer in a one-to-one ratio, 
therefore for both of these categories there is a 100% benefit. Landfill is shown to exhibit 
adverse impact on human toxicity, terrestrial ecotoxicity, acidification and 
eutrophication. 
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Figure 6.5: Comparison between the three disposal methods for PP 
 
In summary, the three most common scenarios for disposal of plastic waste were 
compared to assess which would provide the best environmental option based on reduced 
environmental impacts. Recycling offered the best performance for resource saving and 
ozone depletion, landfill was the worst performing option and incineration was shown to 
have significant potential for environmental damage in the selected impact categories. It 
is also noted that recycling results in reduced landfill gas emissions and incineration 
gases which contribute to global warming and ozone depletion. 
 
6.3.4 Virgin Polymer Life Cycle with an Additional Recycled Polymer Life Cycle 
 
This is a complicated system where the key assumption is that all polymer is recycled 
with no other disposal option and then used for a second application in a second life 
cycle.  
 
Figure 6.6 shows the savings gained in abiotic depletion (resources) as well as the effects 
of avoiding impacts due to ozone depletion, acidification and eutrophication. The main 
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impacts caused by second use of the polymer are those incurred in the initial production 
of the virgin polymer. The recycled polypropylene produced is responsible for a degree 
of environmental damage but at a much lower level than that encountered in production 
of virgin polymer. The injection moulding process also contributes to environmental 
impact, mainly in the areas of ozone depletion, human toxicity, global warming and 
terrestrial ecotoxicity. 
 
Figure 6.6:  Virgin polymer life cycle with additional life cycle after recycle of PP 
 
In summary, this complex lifecycle (virtual closed loop) involving recycling of recovered 
polymer achieves a saving in resources and avoids the impact of ozone depletion. The 
production of the virgin polymer in the primary lifecycle accounts for the main 
environmental damage in the system as it affects the majority of impact categories. 
Recycled polypropylene, however, produces a degree of environmental damage but at a 
much lower level than the production of virgin polymer. 
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6.3.5 Comparison of Life Cycles of Virgin Polymer and Recycled Polymer  
 
The two systems are compared in order to determine if there is a benefit in requesting a 
second lifecycle for recycled polymer and how the impacts differ between the two cases.  
The two life cycle options are compared in Figure 6.7. 
 
The negative values of abiotic depletion (resources) for the second life cycle are 
observed, which assumes the second use fully replaces virgin material. The benefits for 
second use are extended to ozone layer depletion, human toxicity and eutrophication, 
however, the first virgin polymer option appears to perform better on terrestrial 
ecotoxicity. 
 
Figure 6.7:  Comparison of the two systems for PP, with and without recycled polymer 
 
6.5 Markets for Recyclates 
 
Although life cycle methodologies can indicate the potential environmental benefits 
arising from recovery and reuse of plastics these environmental benefits and economic 
benefits can only be achieved if there is an identifiable market for the recovered polymer. 
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The work described in  chapter 4  proved that a pure stream of PET could be obtained by 
using reverse vending machines to capture bottles consumed in the „out of home‟ market. 
The PET bottles are separated from other plastics and are recovered free of contamination 
and suitable for fast track recycling into food grade rPET, for which there is a ready and 
expanding market. 
 
In the use of recovered polypropylene, a significant opportunity between the healthcare 
and automotive sectors was identified in this research, because both sectors use 
significant quantities of polypropylene. The automotive sector can, however, use post 
consumer packaging polypropylene waste along with polymer recovered from end of life 
vehicles in plastic parts for new vehicles. 
 
In general there are opportunities to use recovered plastics from post-consumer 
healthcare waste in a number of industries including the automotive, aviation, chemical, 
construction, defence, engineering, electronics, furniture and furnishings, packaging and 
textile industries. 
 
6.6 Conclusion 
 
The potential to recover specified case study materials from post consumer waste and 
recycle the material of construction into a second user application has been studied and 
specifically life cycle analysis (LCA) is used to compare impacts of first and second use 
polyproplene cycles. 
 
The manufacture of virgin polypropylene causes the greatest environmental impacts in 
abiotic depletion, global warming, ozone layer depletion, terrestrial ecotoxicity and 
acidification, injection moulding impacts ozone layer depletion and the waste scenarios 
account for eutrophication, human toxicity and resource consumption. 
 
The polypropylene  (PP) used in the case study packaging materials has the potential to 
be recycled and reused in a second lifecycle, by moving the material into a second use to 
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achieve benefit to the environment in terms of a reduction in resource consumption and in 
terms of reduced environmental impacts. The benefits are cumulative and therefore with 
each recycling and reuse cycle a further environmental saving is made.  
 
A goal of the investigation was to identify if there is a potential market for the healthcare 
polymer waste after it has been extracted from the post consumer waste stream. The case 
study materials are produced from a high specification virgin polymer which could be 
used in engineering applications. A potential reuse identified would be inclusion of the 
recovered PP as an additive to polymer recovered from end of life vehicles to raise the 
specification to acceptable performance criteria for reuse in vehicle production. 
 
The work described in this thesis indicates that there is potential for manufacturers to 
consider use beyond an initial application and that second and subsequent uses should be 
considered as part of an Eco-Design/DfE strategy.  
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Chapter 7 Conclusions 
 
 
7.1  Aims and Objectives 
 
The healthcare sector is a major user of plastic packaging and plastic components in 
medical and healthcare devices. Currently there are a large number of products marketed 
that pre-date the focus on environmental concern, but this is likely to change as eco-
design tools are introduced into the development process.   
 
The current research has arisen because healthcare packaging polymers are not used in a 
sustainable manner. There is a prevailing school of thought that only considers the 
packaging lifecycle to the point of use by the consumer and does not include the potential 
reuse or recycle opportunities of post-consumer packaging. The value associated with the 
packaging, from a recycling perspective, is often ignored and as a result a potential 
recyclate is lost to landfill or exported to countries that regard waste from developed 
nations as a potential feedstock for their own industries. 
 
Recycling of plastics lags behind that of the other packaging materials mainly due to 
identification and separation issues associated with the recovery of materials from post 
consumer waste.  As a result material recovery facilities tend to focus on the extraction of 
plastic bottles for reprocessing as they represent a good yield of clean or easily cleaned 
polymer per unit. Pre-sorted waste from industrial and retail operations, however, tends 
not have the same problem.  
 
The aim of this research was to explore a number of potential routes to achieve a more 
sustainable use of packaging materials in the healthcare sector, through the mechanisms 
of reducing, replacing and/or recovering waste from healthcare polymer packaging at end 
of life.   
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To achieve this aim the stated objectives of the research were to: 
 
 identify the value of tagging methodology and specifically radiofrequency 
identification methodology as a means of separating high quality plastics and 
individual reusable devices from mixed waste streams; 
 assess reverse vending machines as a means of to capture high quality 
polyethylene terephthalate polymers for reuse and recycle; 
 develop novel biodegradable packaging materials as an alternative to existing 
polymer packaging materials for transport of vaccines that are also capable of 
being extended to other uses; and 
 assess the environmental benefits of the use of radiofrequency identification 
methodology, reverse vending machines and replacement materials using life 
cycle and carbon footprint methodology. 
 
 These objectives have been discussed in the thesis in the context of: 
 
 What constitutes healthcare packaging, the waste arising from it and the drivers 
for sustainable waste management for packaging;  
 Radio Frequency Identification (RFID) methodology in material capture, to 
optimise recovery;  
 Reverse vending technology in material capture, to optimise recycling;  
 Novel use of biodegradable material as a polymer replacement in packaging 
applications; and 
 Life cycle methodology in the assessment of the environmental benefits to 
healthcare packaging. 
 
 178 
7.2 Research Outcomes 
 
Against a background of the concept of sustainability, the influences of EU and UK 
legislation and policy, and, specifically the international, regional and local perspectives 
on healthcare packaging wastes and their associated collection, sorting and treatment, the 
research outcomes, towards achieving sustainable use of healthcare packaging, are 
summarised under three headings: (i) separation technologies; (ii) polymer replacement 
strategies and (iii) life cycle methodologies.   
 
The concept of sustainability was discussed in terms of how it operates under the general 
structure of Agenda 21 and those main elements of the Agenda that apply to the recovery, 
reuse and recycle of packaging materials. The legal definition of waste is set out together 
with those key pieces of legislation that might apply in the collection, handling, treatment 
and final disposal of the wastes that are of particular relevance to this research, namely, 
plastics-derived wastes from healthcare packaging streams. Linked with the regulatory 
framework is the policy framework which includes the European Thematic Strategy for 
Waste and the UK Waste Strategy 2007, as well as drivers such as the International 
Roadmap for Consumer Packaging.   
 
7.2.1 Separation Technologies 
 
Two aspects of separation technology have been trialled under simulated separation and 
recycling conditions for the capture of healthcare packaging materials to: (i) optimise 
recovery, using radio frequency identification methodology; and (ii) optimise recycle, 
using reverse vending technology.  
 
7.2.1.1 Radio Frequency Identification Technology 
 
The extension of the use of radio frequency identification (RFID) from inventory 
management and stock control applications to identifying and separating waste 
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components was studied using a number of GSK consumer healthcare packaging 
products, including: 
 
 Toothpaste Pump Dispenser: A polypropylene bodied pump dispenser filled with 
Aquafresh toothpaste;  
 Toothpaste Aerosol: A “bag in can” impact-drawn aluminium can with dispensing 
nozzle assembly, moulded in polypropylene;  
 Card and Blister Pack: Containing an Aquafresh Flex toothbrush. The pack is 
typical of a tamper evident pack used for hygienic presentation of products, where 
the product information is printed on the backing card and the clear plastic blister 
displays the product; 
 PET Jar and PP Lid: The jar contained Horlicks powder but is representative of 
powder packed in a wide mouth jar;  
 PET Beverage Bottle: A clear PET bottle of modified Boston shape with 
polypropylene screw cap closure; 
 Paper Laminate Brick Pack: The pack is used extensively for food, beverage and 
dairy products and is often referred to as an aseptic pack. Typically the laminate is 
manufactured from layers of paper/PE/aluminium foil/PE. The tests were carried 
out on two sizes of pack; and 
 PET Mouthwash Bottle: A clear PET bottle of modified medicinal flat design 
with a polypropylene cap.  
 
The experiments on separation were carried out using high frequency and ultra-high 
frequency technologies with two different reading systems - distance reading (HF) and 
distance reading (UHF). The experimental trials were designed to: (i) establish read 
distance with tag parallel and perpendicular to the antenna; (ii) investigate impact of 
conveyor speed on results; (iii) demonstrate the potential for use of inventory wands in 
waste management applications; (iv) demonstrate the potential for use of a chute reader 
for material recovery; and (v) demonstrate the potential for use of a portal reader in waste 
management applications.   
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The results showed that HF and UHF tagging can be used in product identification and 
separation, with the choice of tags and readers being influenced by the product being 
tagged.  The design of any system for material separation by RFID must, however, take 
account of the potential for some products, and waste components to shield the signal, 
and for this reason, separation methodologies will vary depending on the waste mix being 
fractionated.  The work carried out on RFID tagging in this research suggested that there 
may be an opportunity to incorporate RFID technology into reverse vending machines as 
a method of identifying materials for both recovery and recycle.  
 
7.2.1.2 Reverse Vending Technology 
 
In this work the use of a reverse vending (RV) machine collection system was studied to 
capture a valuable polymer-based material to optimise its recycle.  PET was chosen for 
this study because it is the most significant packaging material used in healthcare 
products.  A trial was carried out on the use of reverse vending machine technology to 
separate clean empty beverage PET bottles at “out of home” locations to: 
 
 Investigate the quantity of PET beverage containers that could be collected; 
 Collect data on the level of reject material from reverse vending machines; 
 Identify the key issues in engaging public participation in the use the reverse 
vending machines; and 
 Determine the scope for a model that could be applied to the collection of 
materials targeted for fast-track recycling.  
 
The socio-economic results from this trial can be summarised as follows: 
 
 Location is key to achieving good usage rates; 
 Promotion has a positive impact on usage rates within the user survey but does 
not translate to a significant measurable response on recovery rate. Anecdotal 
evidence of increased levels of bottles in litter bins after promotion of the trial 
commenced; 
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 An opportunity exists to use the video display panel for advertising when not 
being used for instructions; 
 An increase in recovery compared to pre installation levels can be achieved; 
 Users perceived the RV units to be a positive contribution to recycling; 
 Low levels of contamination observed give a clean stream of PET for recycling; 
and 
 The question “Are reverse vending machines a viable solution for out of home 
recycling?” is answered with a positive response. However the value of the 
recovered PET would mean a prolonged period to recover the initial purchase 
price of the machine, therefore it is considered a prerequisite that sale of 
advertising on the machine should be considered for urban installations. 
 
The technical results of the trial confirmed that it was possible to use reverse vending 
technology to recover a pure high value stream of PET bottles that would otherwise have 
been lost.  The material recovered through the reverse vending machines was found to be 
bottle-grade PET, with no distinction being made in the trial between clear and coloured 
bottles since both are suitable for conversion to rPET. The material actually collected 
consisted of: the PET bottle, the closure and tamper evident drop ring (typically high 
density polyethylene or polypropylene) and the label. All materials have a ready second-
user-market and are already included in current PET recovery processing. The process 
used in the reverse vending machine trial was the compaction of individual bottles since 
reprocessing operators prefer to receive whole bottles for processing. The machines can, 
however, be fitted with: (i) a shredding unit, instead of roller compactors,  which can 
achieve a much greater utilisation of storage space within the machine; and/or (ii) 
multiple bins to receive clear, blue, green and brown tinted bottle flakes produced from 
the shredder. The separation of material into colour streams at the point of collection can 
increase the price achievable in the resale market. Product barcode can be used to 
differentiate between different coloured packs, however if a fail-safe system was 
mandated by reprocessing operators, a colour charge-coupled device (CCD) detector 
could be wired into the RV machines existing computer hardware to provide colour 
separation. 
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The success of the trial shows the potential benefits arising from the use of reverse 
vending machines for target based recycling including:  
 
 reduction of post consumer waste going to landfill; carbon footprint; and global 
warming potential due to energy/resource savings;  
 increase in recycling rate of PET; availability of rPET; and plastics going into 
sustainable applications; and  
 creation of employment opportunities; consumer interface for advertising and 
promotion; cross-sector partnerships between first user and second user industries, 
including the waste management sector; and business opportunities arising from 
transferable methodology.  
 
The polymers used in healthcare packaging are high purity grades which typically can be 
reprocessed many times before any perceptible degradation occurs. The design of 
packaging is important in material recovery, where it is desirable that individual 
components are identified with a recycling code. The healthcare and cosmetics sectors 
are users of complex pump dispensers; typically these are multi component with each 
item manufactured from a different polymer. Recent eco-design developments have 
however, resulted in the production of pump dispensers made entirely from 
polypropylene components.  These types of change will make separation by radio 
frequency identification and reverse vending machine methodologies, described in this 
work, even more efficient. 
 
7.2.2 Polymer Replacement Strategies 
 
There is an increasing interest in reducing the plastics content of packaging by replacing 
some or all of the plastic with moulded pulp materials.  The use of paper moulded pulp in 
replacing plastic has been studied. Given the market potential for a sustainable packaging 
presentation that has minimal environmental impact, there is scope for the use of 
alternative materials that are cheap and plentiful that can be processed through an 
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existing manufacturing plant, with little or no modification, and deliver a product with 
technical performance similar to existing packaging products. 
 
The work carried out as part of the research of this thesis introduced a novel idea of using 
green waste compost as a major ingredient in the production of sustainable pulp 
packaging, suitable for the construction of three-dimensional packaging structures as a 
direct replacement for plastic packaging.  The results indicate that green waste compost 
can be included in pulp packaging at relatively high levels as a direct substitute for 
recycled newsprint in moulded pulp matrices.  The use of green compost waste not only 
provides a replacement for a major part of the recovered newsprint content of the 
moulded pulp but additionally provides a component which facilitates 
faster reintegration rates into soil, compared to 100% newsprint, which itself is not easily 
biodegradable. 
 
Specifically, the research indicated the potential to manufacture a vial distribution tray 
with the appropriate physical mechanical and biodegradable properties that would enable 
its use in packaging of vials to distribute vaccine to bush clinics in the developing world. 
Tests indicated that a pack could be manufactured with a 70% compost inclusion rate that 
would deliver the desired physical and mechanical properties. The work also identified a 
second use opportunity for the packaging where it could be used by local farmers as a 
seed propagation tray, this additional use returns the compost to soil. The results 
indicated that the 70% compost:30% newsprint  blend was fit for purpose as a moulded 
pulp packaging material to replace plastic packaging. 
 
7.2.3 Life Cycle Methodologies 
 
The healthcare packaging sector uses significant quantities of polypropylene (PP) in a 
variety of packaging formats including bottles, jars, pump dispensers and tubes. For this 
reason it was selected as a material for study by life cycle methodology based on a 
comparison of the manufacture of virgin polymer and of recovered polymer. The use of 
PP in a traditional single use packaging scenario was considered against a model where 
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the material is targeted for removal from the post consumer waste stream and recycled in 
a manner that preserves its original specification for second user application. The results 
from the life cycle study show that the manufacture of virgin PP causes the greatest 
environmental impacts in abiotic depletion, global warming, ozone layer depletion, 
terrestrial ecotoxicity and acidification, injection moulding impacts ozone layer depletion 
and the waste scenarios account for eutrophication, human toxicity and resource 
consumption. 
 
The polypropylene used in packaging materials has the potential to be recycled and 
reused in a second lifecycle, by moving the material into a second use to achieve benefit 
to the environment in terms of a reduction in resource consumption and in terms of 
reduced environmental impacts. The benefits are cumulative and therefore with each 
recycling and reuse cycle a further environmental saving is made.  
 
7.2.4 Summary 
 
A goal of this investigation was to identify if there was a potential market for the 
healthcare polymer waste after it had been extracted from the post consumer waste 
stream. Healthcare packaging materials are produced from a high specification virgin 
polymer which could be reused in engineering and other applications.  The recovery of 
materials such as PET and PP for second and subsequent use can only be of commercial 
and environmental benefit if there is an identifiable market for the recovered polymers.  
 
7.3 Contributions to Knowledge 
 
The initial literature search indicated that the proposed area of research had not received 
significant attention from other researchers and that there was good potential to execute 
research in areas of novelty. 
In the course of the research described in this thesis, four strategic methods of achieving 
improvements in sustainability, reuse and recycle are developed to represent aspects of 
sorting of materials, collection of recyclables, replacement of unsustainable packaging 
 185 
materials and measurement of the environmental impacts of packaging and changes in 
packaging, using examples of packaging from GlaxoSmithKline consumer healthcare and 
medical products. 
 
The work described in this thesis provides advancement of knowledge in the following 
key areas: 
 
 Identification of high-grade healthcare packaging polymers as ideal materials for 
inclusion in recycling processes, that lead to the preservation of specification of 
the polymer to achieve best possible second user application; 
 Demonstration of the value of radio frequency identification technology as a 
means of separating high-grade polymer from mixed waste streams for material 
capture and recovery optimisation;  
 Demonstration of the value of reverse vending technology in the recovery of high 
quality polyethylene terephthalate (PET) polymers (in the out-of-home 
consumption sector) for fast-track recycling into material suitable for reuse in 
food grade applications (for example, food-grade rPET);  
 Development of a novel sustainable packaging format derived from biodegradable 
materials (sources of green waste) to: (i) completely replace polymers in rigid 3D 
packaging formulations, and (ii) largely replace poorly biodegradable paper waste 
in moulded pulp 3D packaging formulations. The novel product represents an 
alternative to existing polymer packaging materials, for transport of vaccines, and 
provides results that are extendable to the replacement of other types of packaging 
over a wide range of consumer goods; and 
 Use of life cycle methodology as a means of determining the environmental 
benefits of recovery and recycling of healthcare packaging polymers as an aid to 
new product eco-design, taking account of the need for identifiable markets for 
polymer recyclates, and thus facilitating the application of the recyclate in other 
industrial sectors. 
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7.4 Recommendations for Further Work and Author’s Summary 
 
The concept of eco-design is new to the healthcare sector and for most companies the 
light-weighting of packaging often poses as an environmental initiative in Corporate 
Social Responsibility reports, when, in truth, light-weighting is cost-driven and any 
environmental benefit is purely secondary.  
 
Furthermore, there has been a misconception that there is a cost associated with 
sustainable use of material when, in fact, there are practices associated with packaging 
waste that can deliver a good revenue stream. The results from this research have 
demonstrated the benefits and importance of adopting the principles of eco-design in the 
design of new products, whilst, at the same time revisiting already marketed products in 
an effort to make their packaging more sustainable. 
 
Specific recommendations for future work, arising from the current research, include: 
 
1. To create a packaging recycling database which contains a list of the materials of 
construction in a pack and a proposed recycling protocol, similar to the 
International Dismantling Information System (IDIS) database operated by the 
automotive sector. 
 
2. To create a modified coding system for packaging polymers, which incorporates 
the differing specifications for a material, and facilitates the creation of defined 
pools of material, of like specification, which, in turn, increases the value of a 
material as it enters a second-user market. Within the research presented in this 
thesis, a modified coding system based on a hybrid of the SPI code and the 
European Waste Catalogue was proposed, however a more comprehensive system 
could be developed. 
 
3. To develop an eco-design protocol for trialling as a possible techno-economic 
management design tool for use in the packaging design process. 
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4. To extend the RFID tagging protocol, developed in Chapter 3, to trial in a 
Material Recycling Facility for the capture of specified high value 
material/components and to consider alternative printed RFID tags derived from 
conductive polymer inks and digital printing processes. 
  
5. To develop an RFID-enabled Reverse Vending Machine that could offer a low 
cost “intelligent bin” for use in out-of-home recycling operations, thereby 
overcoming the financial barriers currently associated with use of reverse vending 
machines.   
 
6. To extend the use of composted green waste fibre as a raw material for the 
production of paper and card based materials, and for other non-packaging 
applications, such pin/pile linings for concrete pouring (in civil engineering 
applications) and production of temporary fortifications where moulded pulp 
troughs could replace sand bags in, for example, military applications.  
 
 
The research has been a voyage of discovery and changed my views on how plastic 
packaging should be treated throughout its lifecycle and how a much more sustainable 
view to the use of materials is required in industry and society:  
 
Quoting Gandhi: 
 “We must become the change that we want to see in the world.”  
 
Changes are required and my most sincere aspiration is that I may get a chance to 
influence and implement some of those changes, as there is still an opportunity for the 
UK to become the world leader in sustainable use of packaging materials. 
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